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This dissertation focuses on the synthesis and characterization of an exciting new 
family of thermoresponsive polyacetal polymers with remarkable properties that are well 
suited for a myriad of applications. The new polyacetals are the first, intrinsically 
biodegradable polymers to exhibit a lower critical solution temperature (LCST). Their 
LCSTs are linearly dependent on the number of carbon and oxygen atoms in the repeat 
units, which can be easily adjusted over a wide range of temperatures. The LCSTs can be 
precisely and predictably tuned to any temperature ranging from 7-80°C by simply using 
mixtures of monomers during synthesis. The LCST transition of polyacetals is sharp and 
shows no hysteresis. These new materials have the potential to be used in a broad range 
of technologies that are important not only economically, but also affect the quality of 
life. In particular, they have the potential to be used as a drug delivery carrier for 
treatment of pancreatic cancer; an illness that has a dismal prognosis, for which other 
treatments have proven ineffective. 
 
Polyacetals are known to be chemically inert; the primary thesis objectives presented here 
are to develop frameworks for polyacetal functionalization for use in a variety of 
	applications. Chapter 3 explores strategies to prepare water-soluble polyacetal-drug 
conjugates from three HIF-1 inhibitors; a highly hydrophobic class of cancer 
therapeutics. HIF-1 inhibitors explored in this chapter have simple structures containing 
di-hydroxy functionalities, which can be used for polyacetal main-chain attachment. 
Step-growth polymerization is used to prepare, for the first time, main-chain drug 
conjugates that are temperature responsive and pH degradable. Furthermore, the 
temperature response of main-chain polyacetal-drug conjugates is precisely tuned with 
the amount of the HIF-1 in the polymer backbone. The pH dependent backbone 
degradation of the drug conjugates show that pristine HIF-1 inhibitors evolve from the 
polymer at long degradation times, showing promise for use of this material as a drug 
delivery vehicle.  
 
Strategies outlined in Chapter 3 require specific di-hydroxy functionalities in the 
molecules of interest, without which, functionalization is not possible. Therefore, Chapter 
4 considers polyacetal functionalization of molecules with mono- or poly- hydroxy 
functional groups, further expanding the scope of these new materials. Two strategies of 
functionalization are presented, namely, end group functionalization and pendent-chain 
polyacetal-conjugation using click chemistry. End group functionalization of polyacetal 
is achieved during step-growth polymerization, in situ, using mono-hydroxy functional 
molecules. Pendent-chain polyacetal-conjugates are prepared using backbone alkyne 
functional polyacetal with specialized heterobifunctional linkers that enable the use of 
orthogonal chemistries such as click-chemistry. Importantly, end group and pendent-
chain functional polyacetals retain their temperature response and degradation properties. 
	Both polyacetals evolve pristine mono- functional payloads at the onset of the 
degradation cycle in contrast to main-chain polyacetal-drug conjugates, which evolve the 
payload towards the end of the degradation cycle. Knowledge of both degradation 
mechanisms allows for precise control over the degradation profile of the resulting 
polyacetals. 
 
Chapter 5 further expands on the thesis objectives by the synthesis of ABA type 
polyacetal block co-polymers and micelles. Polyacetal block co-polymers encapsulate 
virtually any type of hydrophobic molecule of interest, significantly expanding the 
number of molecules that can be incorporated into polyacetals. For this purpose, click-
functional polyacetal macromonomers are prepared and end-linked with the polymer. The 
resulting polyacetal micelles show remarkable temperature response, by a second-order 𝜃 
collapse exhibited by base-polyacetals, and by coacervation of the individual micelles. 
The temperature response for polyacetal block co-polymers is sharp and reversible, with 
minimal hysteresis. Pyrene encapsulation studies conducted with polyacetal micelles 
show that, upon degradation, 99% the encapsulated pyrene is released, showing great 
promise for use of polyacetal block co-polymers as a delivery vehicle for a variety of 
applications. Using the methods outlined in Chapter 3-5, virtually any molecule of 
interest can be incorporated into the polyacetal chain.  
 
Lastly, the fundamental origins of the LCST behavior of PAs are explored using 
molecular dynamic simulations in Chapter 6. For this purpose, PA chains of 104 g/mol are 
accurately modeled using coarse-graining techniques. The experimental LCST transition 
	is reproduced with an accuracy of ±20°C using the coarse grained model, which allows 
for precise prediction of the temperature response using simulations. The model is further 
expanded to obtain sequence transferability; that is, the LCST behavior of any sequence 
or architecture that consists of poly(ethylene oxide) and methylene units can be modeled 
with precision using this model. We also present sample conformations of the polyacetal 
during its coil-globule transition, which provides a degree of insight into the mechanism 
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The polymer industry has seen a significant shift in the materials required for 
modern day applications. A few decades ago, polymer applications called for strong, yet 
light polymers that could effectively replace metal and steel. Today’s materials 
applications, however, go beyond these basic requirements and demand further 
capability. Some of the highly desired modern materials are chemically abrasion 
resistant1–3, environmentally friendly4,5 and have multiple functionalities6–8. Additionally, 
a new class of polymers have emerged that have the ability to shrink/expand, 
alter/remember shape, or change physical, optical and electronic properties in response to 
a host of external stimuli. These materials allow for the facile control of bulk material 
properties with respect to particular stimuli. Therefore, the field of stimuli-responsive 
polymers (SRPs) has grown exponentially, both in terms of applications and publications.  
 
Polymers have been developed to respond to almost every conceivable stimuli9–13. Initial 
efforts focused on imparting response to common environmental stimuli such as 
temperature, pressure, pH and light. More recently, polymeric materials have been 
designed to respond to magnetic14,15 and electric field16, ultrasound17, guest-host 
interactions18, electron transfer (oxidation-reduction)19, concentration effects such as 
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sugars, salt, antigens and enzymes20–22, and even to the presence of CO223.  Despite these 
advances, there remain numerous unmet challenges and opportunities that can have 
significant practical impact. For example, there is great interest in biocompatible SRPs 
with tunable stimuli response for medical applications, such as targeted cancer therapy.  
 
A class of SRPs that have been studied extensively is temperature responsive polymers 
(TRPs); which show a drastic and discontinuous change in physical properties with 
change in temperature. Among TRPs, polymers that lose solubility in water (or in organic 
solvent) upon cooling are said to have an upper critical solution temperature (UCST) 
while polymers that lose solubility upon heating are said to have a lower critical solution 
temperature (LCST)24. Water-soluble TRPs are of particular importance because of their 
relevance to biology, especially in areas of drug delivery. TRPs have a myriad of 
potential applications including smart stationary phases in liquid chromatography25, 
lithography26, microfuidics27 and molecular imprinting28. Medical applications associated 
with TRPs29–31 have grown at a remarkable rate and include: bioseparations32, tissue 
scaffolds33, actuators and artificial muscles11 and components of smart drug delivery 
systems for cancer treatment34. Two examples of applications that use TRPs are 
highlighted in Figure 1.1. 
 
In many of these applications, the TRP is used as building blocks to create complex 
supramolecular architectures. For example, TRPs are used to create thermoresponsive 
block copolymer micelles35,36, brushes37, hydrogels38, nanoparticles39 and nanoparticle-








Figure 1.2:  The world of nanostructured stimuli-responsive polymer materials. These systems 
are smart and responsive, taking environmental stimuli to form networks, membranes, thin films 
with channels/pores, micelles, nano-gels, capsules and vesicles, core–shell particles and hybrid 
particle-in-particle structures11 
Figure 1.1: (a) Thermoregulation and moisture management in textiles using TRPs12, (b) 
Temperature triggered miceller drug release from a temperature responsive drug carrier119 
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1.2. Poly(n-isopropylacrylamide) (PNIPAm) 
 
The temperature responsive character of PNIPAm was first reported in 196741 and 
has since become the gold standard for water-soluble TRPs, in part, because its transition 
temperature (TLCST) at 32°C is near body temperature42–44. The molecular architecture of 
PNIPAm consists of a hydrophobic backbone and a hydrophilic amide group capped by a 
hydrophobic iso-propyl moiety, as shown in Figure 1.3. PNIPAm undergoes a phase 
change; remaining in an expanded coil conformation below TLCST, but collapsing into a 
globule above the TLCST. Furthermore, PNIPAm shows relatively low sensitivity to other 
stimuli (e.g., salt enzyme and polymer concentrations) that may be encountered for 
biological applications in vivo29. The tuning of the TLCST for PNIPAm can be achieved 
using copolymerization techniques that, in most, cases require special monomers to 
achieve a desired TLCST. Still, the tuned TLCST for PNIPAm is non-linear and 
unpredictable. In addition, its gels have a relatively slow rate of volume change and its 
thermal transition is rather broad showing strong hysteresis45, as shown in Figure 1.4. 
Furthermore, PNIPAM is intrinsically non-degradable under physiological conditions, 
diminishing its potential uses. Apart from PNIPAm, numerous other polymers with 
LCSTs in water are also known46,47 including polyvinyl methyl ether48, 
hydroxypropylcellulose49, poly(vinylcaprolactam)50 poly(ortho ester)51 and elastin-like 







Figure 1.3: Schematic representation of the PNIPAm repeat unit 
Figure 1.4: Phase transition behavior of PNIPAm, characterized using transmittance. Heating 
(solid line); cooling (dotted line)120. For PNIPAm, clear hysteresis is observed between 














Many of the LCST polymers are intrinsically non-degradable. For this reason, 
biodegradable LCST copolymers have been prepared by copolymerizing LCST polymers 
with monomers containing degradable (e.g., acid-labile) backbone linkages53–56,51 and by 
copolymerizing LCST homopolymers with non-LCST but biodegradable 
macromonomers57. For biological applications, however, these additional procedures 
prove to be costly and difficult to perform, begging for the need of a homopolymer that 
1) shows LCST behavior, 2) uses facile techniques to tune the TLCST in a predictable 
fashion, and 3) are intrinsically degradable. There have been no previously reported 






1.3. Explanation of The LCST Behavior 
 
 It is well known that small molecules as well as polymers become more soluble 
with increasing temperature. However, as early as 1960, Freeman and Rowlinson 
reported a temperature-induced de-mixing of polymers dissolved in organic solvents58. 
Taking to account the mixing and de-mixing with temperature for a weakly interacting 





Figure 1.5: Temperature-composition phase diagram for polymer in solution. The light shaded 











For the lower boundary, the maximum temperature at which thermally induced mixing 
occurs is known as an upper critical solution temperature (UCST). For the upper 
boundary, the minimum temperature at which thermally induced de-mixing occurs is 
known as a lower critical solution temperature (LCST). The metastable regions stemming 
from the binodal and spinodal curves characterize the boundaries of coexistence. The 
binodal curve represents the condition at which the chemical potential of all solution 
components are equal in each phase. The spinodal curve represents the point at which the 
second derivative of free energy with respect to composition is zero, and small 
fluctuations in composition lead to phase separation via spinodal decomposition. The 
asymmetry in the critical curves in Figure 1.5 originates from the asymmetry in 
component size; in general, the more dissimilar the molecular size of the components, the 
mores skewed is the phase diagram. As the polymer molecular weight goes to infinity 
and the solvent molecular weight is held constant, that is, when polymer concentration 
significantly increases, the LCST and UCST move to zero composition at a condition 
corresponding to the Flory theta point (see section 2.1.1)62. Additionally, polymers 
exhibit LCST and UCST behavior due to strong intermolecular interaction such as 
hydrogen bonding63,64, which will be considered in the following sections. 
 
Solutions may exhibit LCST or UCST behavior only (Figure 1.6 a and b) and sometimes 
show multiple extrema65. Closed immiscibility loops are in some cases observed (Figure 
1.6d). Additionally, merging of an LCST and a UCST curve may result in a necked 
immiscible region, as in Figure 1.6e. In addition, component molecular weight and 
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environmental effects such as pressure may contribute largely to what type of phase 
behavior is observed61,66.  
 
On a physical basis, different driving forces cause the LCST and UCST behaviors. UCST 
phase separation is driven by attractive enthalpic considerations, and the LCST phase 
separation is driven by entropy. In fact, the phase separation that results from the 
existence of an LCST is entropically favorable. This unusual role of entropy is system-
dependent and therefore stems from either ‘equation of state’ (EOS) effects proposed by 
Flory62 and Sanchez and Lacombe67–70,24 or from specific local interactions such as 
hydrogen bonding. Furthermore, the conventional Flory-Huggins theory, which ignores 
the equation of state properties of the components in the system, fails to describe the 
LCST phase behavior24,62. Using Lattice fluid theory, Sanchez and Lacombe further 
elucidated the entropically driven nature of the LCST for a two-component mixture24,71.  
  
Figure 1.6: Five types of temperature dependent phase behavior for polymer solutions as it 











The stability of a homogeneous phase in a binary mixture requires that the intensive free 
energy have the following property; 
 
where, 𝑔 is the intensive free energy and 𝑔!! is defined as, 
  
 
where, 𝑥 is the composition and 𝑃 is the intensive pressure. Since it is required that 𝑔!! ≥ 0, to retain stability of the miscible faces, by definition, 𝑔!!  <  0, denotes phase 
separation. Using the definition of the LCST and UCST, it can be stated that, 
If the definition of entropy is stated as, 
 
a second derivative with respect to temperature 𝑇 reveals that, 𝑠!! is always positive at an 
LCST and negative at a UCST. At the spinodal region,  
  
 𝑔!! ≥ 0 
 
(1.1) 
 𝑔!!  ≡  𝜕!𝑔𝜕𝑥! !,!  (1.2) 
 
𝜕𝑔!!𝜕𝑇 !,! =  > 0,𝑈𝐶𝑆𝑇< 0, 𝐿𝐶𝑆𝑇  
 
(1.3) 
 𝑠!! = − 𝜕𝑔𝜕𝑇 !,!  (1.4) 
 𝑔!! = ℎ!! − 𝑇𝑠!! = 0 (1.5) 
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where ℎ is intensive enthalpy. Consequently at the LCST, 𝑠!! and ℎ!! are both positive; 
thus for the LCST, entropics are universally destabilizing and the phase separation is 
purely entropically driven. In contrast, the UCST entropics are universally stabilizing and 
purely enthalpic effects drive the phase separation. 
 
Considering the discussion above, the inclusion of equation of state effects can reveal 
local minima in the mixing entropy for a system above the LCST. Since the curvature of 
the entropy is positive in this region, it is quickly followed by negative curvature in the 
free energy, which then leads to phase separation. That is, the maximum entropy the 





Figure 1.7: Qualitative schematic of mixture entropy as a function of composition for system 
above TLCST. The straight dashed line represents the unmixed entropy. The curved dashed line 
denotes the mixture entropy, neglecting EOS effects. The solid curve represents the realistic 
mixing entropy, taking into account the EOS effects.  
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In addition to the size and compressibility driven occurrences of the LCST seen in 
weakly interacting systems, the phenomena can also occur in strongly interacting 
systems; for example polymers dissolved in aqueous systems where hydrogen bonding 
play an important role in the solubility. These systems are of great interest in biological 
applications and are of central importance to the work presented in this thesis. Hydrogen 
bonding LCST mechanism is entropically driven and the entropic loss emerges from the 
reduction in degrees of freedom with hydrogen bond formation. Beyond the LCST, it is 
more favorable for the system to phase separate in order to reduce the energy penalty. In 
the case of PNIPAm, the competing forces originating from hydrophilic amide groups 
and hydrophobic backbone and isopropyl groups forming hydrogen bonds with water 
become the basis for the LCST behavior. During the phase transition, the backbone and 
isopropyl groups are dehydrated, many hydrophilic amide groups are also partially 
dehydrated, and some polymer–water hydrogen bonds are replaced with polymer–
polymer hydrogen bonds72–76. Below the LCST, the polymer–water hydrogen bonds form 
a network of bonds around the polymer77, which hinder the motion of the water 
molecules in the hydration shell and stabilizes the extended coil state78. Above the LCST, 
the water molecules become increasingly mobile78, triggering the cooperative 
dehydration and collapse of the chain. The current understanding of the LCST behavior is 
based on two models; the Sanchez-Lacombe lattice fluid model63,24,79,80; which provides 
the basic mean field approach for predicting the LCST in weakly interacting polymers, 
and hydrogen bonding lattice fluid (HBLF) model; for strongly interacting systems where 
hydrogen bonding becomes important81.  
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1.4. The Coil-Globule Transition 		
 The study of spatial conformations of the polymer chain during the LCST or 
UCST transition is one that has been studied extensively. The “coil” and “globule” states 
are two distinct thermodynamically stable states for linear flexible homo- or co- 
polymers82 (see Figure 1.8). The conformation of an isolated chain in three different 
regimes of concentration is of particular interest; 1) dilute (below the crossover 
concentration), 2) semi-dilute, and 3) concentrated. Flory presented a theoretical 
understanding of this behavior, noting that at the theta point, the polymer’s attractive and 
excluded volume interactions exactly cancel out62. At the theta condition (defined as 𝜃 = 0.5 ), the polymer behaves as an ideal chain assuming random walk 
conformations62,83, with its radius of gyration (𝑅!) scaling with the square root of chain 
length84.  
  
Figure 1.8: Schematic representation of the coil-globule transformation of poly(ethylene oxide) 
(PEO) from a hydrated coil to a dehydrated collapsed globule at LCST. Red balls correspond to 
ethylene oxide units and blue balls to water molecules. Examples of EO–H2O and H2O–H2O 




At theta values above 0.5, the solvent quality is better than ideal (in other words a “good” 
solvent) and therefore, the polymer-solvent interaction takes precedence, extending the 
polymer chain as its radius of gyration scales as the chain length to the three fifths 
power84 (Figure 1.9). When solvent quality is below the theta point (or in a “poor” 
solvent), the polymer chains assume a collapsed conformation when their polymer-
polymer interaction takes precedence. The collapsed globule radius of gyration scales as 
chain length to the one third power85.  Flory’s work, therefore, becomes the central basis 
for the single-chain coil-globule transition as the solvent quality drops below the theta 




Figure 1.10, shows an example of this behavior for PNIPAm in water82,87. The solution 
exhibits an LCST-type phase diagram with 𝑇!  = 30.5°C. At 𝑇 ≪ 𝑇!, the polymer-solvent 
interactions take precedence and the chains are swollen. As T rises, the solvent quality 
becomes poor and 𝑅!  decreases. At 𝑇 > 𝑇!"#$  ≅ 32°𝐶 , 𝑅!  is independent of 
temperature. The suitability of a particular TRP for a specific application is determined 
Figure 1.9: Molecular-weight (M) dependence of the radius of gyration (Rg) with respect to 
solvent quality. 
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by a number of parameters which characterize the detailed nature of its LCST transition: 
the transition temperature, the amount of hysteresis in the transition, the breadth of the 
transition and the rate at which the polymer undergoes the associated coil-globule 
transition. The amount of hysteresis is dependent on the viscosity, glass transition 
temperature and the nature of inter- and intra- molecular hydrogen bonding88. The 
breadth of the LCST transition is primarily related to heterogeneities in the system due to 
polydispersity, end groups, incomplete phase separation and concentration fluctuations as 
found in random copolymers88. 
  
Figure 1.10: The changes in 𝑅!  due to contractions and swelling of PNIPAm chain during 
heating and cooling cycles82. 
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1.5. Polyacetal as a Novel Temperature Responsive Polymer 
 
In this thesis, we introduce a remarkable new family of stimuli-responsive 
polyacetal-based polymers that address the drawbacks of other TRPs. These novel water-
soluble polymers not only respond to pH, degrading under acidic conditions, but also 
show a unique temperature response; their lower critical solution temperature can be 
predicted and tuned precisely to any temperature within a range of about 7-80°C, by 
simply adjusting the number of carbon and/or oxygen atoms in the repeat units. 
Polyacetals (PA) are one of the few polymer systems that are intrinsically dual-
responsive in nature, and to our knowledge, there is no other polymer that can match their 
chemical versatility and unique temperature responsive behavior. 
 
Polyacetals are the first materials to be intrinsically biodegradable and show LCST 
behavior. PA homo- and co-polymers were first introduced by the DuPont company in 
the 1960s as a high molecular weight polymer, under the trademark Delrin®89,90. Early 
PA resins were synthesized with the polymerization of formaldehyde or trioxan using 
anionic catalysts and stabilized using acetic anhydride. The resulting PAs were highly 
crystalline, wear resistant and strong91–93. These new materials were highly sought after 
as a replacement for metal, especially in medical applications such as hip and bone 
replacements94. Similar polymers were obtained by ring-opening polymerization of 1,3-
dioxolane, 1,3-dioxepane, and other cyclic formals95. Subsequently, softer, more-flexible 
PAs were prepared using polycondensation reactions such as step growth polymerization 
of polyols (eg. PEG) and a divinyl ether96–98. Many of the resulting polymers contain 
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degradable acetal linkages that allow for degradation of the polymer in acidic 
environments. The polycondensation approach also produces PAs that have backbone 
and end-group functionality, significantly increasing the potential uses of the polymer. 
Due to these reasons, there has been great interest in using PAs synthesized with the 
polycondensation methods for biological applications, especially for drug delivery. PEG-
based PAs particularly, have been used as a carrier for covalent binding and delivery of 
drug molecules in biological systems. PEG based systems minimize detection and hence, 
renal clearance by the reticular endothelial system (RES) of the body. Therefore, PEG 
based PAs have shown to increase circulation time of polyacetal-drug combinations in 
the body. However, none of these previously reported systems show a response to 
temperature and therefore have not earned the designation of “stimuli responsive 
polymer”.  
 
Recently, Samanta et al have prepared, for the first time, temperature responsive and pH 
degradable PAs using the reaction of divinyl ether and diol (Scheme 1.1)99. Amphiphilic 
divinyl ether (1) and diol (2) monomers used in the synthesis consists of hydrophobic 
parts containing methylene units, and hydrophilic parts containing ethylene oxide units, 
respectively. Telechelic PA with vinyl ether or hydroxyl functional groups, (indicated in 
blue in Scheme 1.1), can be prepared by using a molar excess. Acid hydrolysis of PAs 
produce neutral products, two diols and acetaldehyde, as indicated by the last reaction in 
the Scheme 1.1.  










DCM/0 0C to RT/2hCat., PPTS
















Scheme 1.1: Polyacetals are prepared by using step-growth polymerization of diols and divinyl 
ethers in the presence of acid catalyst such as PPTS. The resulting polyacetal contains acid 
degradable acetal linkages (red) and end groups depending on the molar ratios used. In the 
presence of acid, the acetal linkages undergo acid hydrolysis to form its constituent diols and 
acetaldehyde99. 
	
Figure 1.11: Temperature dependent UV transmittance curve for determining cloud point 
(Tcloud) for polyacetal. The polymer undergoes a clear-to-cloudy transformation at a critical 
temperature Tcloud ~ 31.6 oC. Heating and cooling curves show that there is no hysteresis in the 
heating and cooling curves for the polymer99.  
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The TLCST of aqueous PA solutions was measured by Samanta et al, using UV 
transmittance as shown in Figure 1.11. No hysteresis was observed and the temperature 
transition is sharp, occurring over about 4°C. The breadth of the transition for other 
degradable TRPs is usually larger, because they are synthesized by random 
copolymerization, which typically results in large concentration fluctuations that broaden 
the transition88. Polyacetals are also intrinsically degradable; it is not necessary to prepare 
random copolymers to introduce degradation sites. Figure 1.12 shows how the TLCST 
varies with the average number of ethylene oxide repeat units in the diol, 𝑚!,!"#. The 
blue circles denote polymers prepared using a single diol, while the pink triangles denote 
polymers prepared from a mixture of diols (i.e., 𝑚! = 1.5 refers to a polymer prepared 
from a 50:50 mixture of 𝑚! = 1.0 and 𝑚! = 2.0 diols). The control over the TLCST is 
remarkable, with a range that perfectly brackets body temperature. Each hydrophilic 
ethylene oxide unit (averaged over each of the diols used) adds precisely 12.3°C to the 
TLCST. The TLCST can therefore be controlled to almost any precision by simply using 
mixtures of two different diols. The TLCST is also linearly dependent on the number of 
hydrophobic methylene groups in the diol monomer (Figure 1.13). Each methylene unit 
in the diol decreases the TLCST by precisely 15.6°C, regardless of the number of ethylene 
oxide units in the vinyl ether monomer. Each ethylene oxide unit in the vinyl ether 
monomer adds precisely 11.4°C to the TLCST. No other TRP offers such exquisite 
structural control over the TLCST. Therefore, the TLCST can be dialed in to any temperature 






Figure 1.12: The dependence of the TLCST on the average ethylene oxide groups (m2,avg) present in 
the polyacetal repeat unit. The TLCST can be predicted and tuned linearly by simply adjusting the 
ethylene oxide/methylene ration in the repeat unit99. 
Figure 1.13: The TLCST can be further tuned by changing the methylene (𝑛) which decreases the 
TLCST by 15.6°C for every unit added. Additionally, each ethylene oxide unit (𝑚) added increases 
the TLCST by 11.4°C99. 
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The LCST of PAs can therefore be predicted with high precision for essentially any 
integer or non-integer values of the structural parameters 𝑛!, 𝑚! and 𝑚!, as well as for 
any molecular weight. The accessible range for TLCST tuning encompasses temperatures 
that are of biological relevance. These include normal (37°C) and malignant tissue, the 
latter of which is generally characterized by mild hyperthermia, with temperatures 1-2°C 
above that of normal tissue100. The latter characteristic is important for the development 
of drug delivery vehicles for various malignancies. We hypothesize that PAs fall out of 
solution when they encounter the elevated temperatures inside of a tumor. Polyacetals are 
relatively stable under physiological pH (Figure 1.14), but degrade under acidic 
conditions encountered in a tumor or within certain intracellular compartments. The pH 
of tumor microenvironments ranges from pH 6.5-7.2 while that within endosomes is 




Figure 1.14: pH dependent degradation profile for polyacetal at pH 7.4, 6.5, 5.5 and 3.0. The 
polymer remains at pH 7.4 but degrades from hours-days depending on the pH of the 
environment99.  
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1.6. Potential Impact of Novel Polyacetal 	
 
One of the main objectives for preparing temperature responsive and pH 
degradable polyacetal is to use its unique properties in biological applications, especially 
as a drug carrier in targeted drug delivery. For the next generation targeted therapies, an 
important requirements is that the carrier provide efficient site-specific delivery, that is, 
the drug ideally is preferentially directed to, and localized/concentrated within a pre-
identified target of interest. Successfully meeting this requirement minimizes the required 
dose and reduces adverse toxic side effects associated with many small molecule 
therapeutics. A considerably large portion of the academic and patent literature outline 
two approaches to achieve site-specific delivery, 1) targeted delivery, both passive101,102 
and active103,104, for which delivery vehicles initially circulate globally but are designed 
to recognize and localize at the target site, and 2) direct injection, where drugs are 
injected directly into the target site. 
 
Passive targeting consists in the transport of carriers through leaky tumor capillary 
apertures into the inter-tumor cells by convection or passive diffusion105. Polymeric 
carriers are attractive in many drug delivery applications because they provide passive 
targeting to solid tumors by the enhanced permeation and retention (EPR) effect. This 
passive targeting mechanism, first described by Maeda et al.106, refers to a process by 
which macromolecular carriers accumulate selectively within tumors because tumors 
have abnormally high vascular permeability but lack effective lymphatic drainage.  
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Site-specific delivery of drug carriers can be enhanced considerably by including 
mechanisms of “active” targeting, by the incorporation of targeting moieties or cell-
specific ligands to direct the carrier to a specific location by interacting preferentially 
with particular target cell receptors. Targeting moieties include peptides, antibodies, and 
carbohydrates that participate in bio-recognition processes with target cells107–109.  
 
When considering PA as a drug delivery system, thermal or hyperthermia-based targeting 
(HTDD) is an attractive option. In HTDD, the drug carrier is preferentially directed to 
tissues that have temperatures elevated above normal physiological temperature17. The 
elevation in temperature can be deliberately induced by external means, such as locally 
focused ultrasonic heating110, or may be natural. For example, most tumors are 
intrinsically hyperthermic with temperatures elevated by 1-2°C100. In hyperthermia-based 
targeting, the drug delivery vehicle must be temperature-responsive and exhibit reverse 
phase behavior. The reverse transition temperature is tuned so that the carrier is soluble in 
plasma at room temperature but loses solubility upon entering a hyperthermic 
microenvironment, thereby localizing the drug delivery vehicle at the site of 
hyperthermia. 
 
Site-specific delivery can also be achieved by injecting an appropriate drug delivery 
vehicle directly into the target site. While direct injection is somewhat brute force in 
nature, it may be a preferable option in situations where the condition to be treated is 
highly localized and/or in cases where targeted-delivery is either not viable or has proven 
to be ineffective. In pancreatic cancer treatment, for example, no delivery method has 
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proven effective, and researchers are examining direct injection of tumors by echo-
ultrasound guided fine needle injection as a potential treatment method111,112. The efficacy 
of direct injection can be enhanced by using a drug delivery vehicle that is non-fugitive 
after injection, for example, systems that gel, either thermally or chemically, when placed 
in vivo113. 
 
In addition to site-specific delivery, a properly designed drug delivery vehicle should also 
be capable of site-specific release of the associated drug. Ideally, drugs would not release 
from the carrier during circulation in the bloodstream and provide controlled release only 
within the target microenvironment, e.g., a tumor, where they would gradually succumb 
to some biodegradation process. Some degree of success has been achieved by use of 
drug-laden liposomes and micelles that are equipped for thermal114 or ligand based 
targeting115, however, possible disadvantages to these approaches include possible 
leakage during circulation and a tendency to release drugs rapidly upon triggering. The 
rate of drug release can be controlled to a certain extent by incorporating site-specific 
degradable linkages into the drug delivery vehicles. Polymeric drug carriers present 
several specific advantages when used in this application. First, binding the drug to the 
polymer eliminates leakage and generally inactivates the drug, minimizing toxic side 
effects. Second, site-specific release of the drug can be achieved by using degradable 
drug-polymer linkages that are designed to cleave only within a specific 
microenvironment. pH-degradable linkages, for example, can be used for direct-release to 
occur selectively within a tumor, which is subject to acidosis with a pH of 5-6.5116–118. 
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In addition to the remarkable suitability of the PAs for drug delivery, the polyacetal 
system can be used for controlled release of virtually any functional small molecule with 
a compatible chemical structure. For example, antimicrobials, flavors and fragrances, 
pesticides and even other polymers can be directly incorporated into the system, 
providing broad applicability. Throughout this thesis, we keep many of these applications 
in mind when designing derivatives of base-polyacetals presented here. 
 
1.7. Contents of Thesis 
 
 
This thesis explores the design and synthesis of temperature responsive and pH 
degradable polyacetal derivatives and their functionalization with small molecules of 
practical interest. Chapters 3-5 are organized in order of the type of molecule of interest. 
Chapter 3 discusses strategies to functionalize polyacetal using small molecules that 
contain di-hydroxy functionalities in their chemical structure. Di-hydroxy containing 
small molecules enable the synthesis of polyacetal-conjugates which are chemically 
similar to base polyacetals, yet, allows for additional methods of tuning of the TLCST. In 
Chapter 4, we extend this approach to include strategies to functionalize polyacetals with 
mono-hydroxy functional molecules, enabling a variety of drugs, antimicrobials, 
fragrances and other compounds of interest to be attached to the polymer chain. Chapter 
5 explores the encapsulation of all other molecules of interest. Here, we discuss 
procedures to prepare ABA type polyacetal block co-polymers that allows for miceller 
encapsulation and release of virtually any other small molecule of interest, completing 
the entire spectrum of chemistries for polyacetal functionalization. From simply 
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following the procedures in Chapter 3, 4 & 5, one is able to prepare temperature 
responsive and pH degradable polyacetal polymers and block co-polymers that carry a 
variety of functionalities and therefore lead the way for a multi-functional polymer 
system that is highly desirable in many industries. 
 
Chapter 6 explores the fundamental origins of the temperature responsive behavior of 
polyacetal through molecular dynamic simulations. During these simulations, the LCST 
behavior of polyacetal is accurately reproduced and extended beyond experimental 
results, allowing for predictions of the behavior of future polyacetal systems of various 
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2.1.1. Polymer Chain Properties 
 
 
A polymer chain consists of a large number of covalently bonded monomers or 
repeat units. The molecular weight of a polymer chain can be defined as the molecular 
weight of the repeat unit, 𝑚, times the number of repeat units given by, 
In small molecule chemistry, molecular weight is defined by the size of the molecule. In 
polymers, however, the molecular weight is described as an ensemble average of the 
molecular weight distribution. The number average molecular weight (𝑀!) is defined as 
total molecular weight  (w) of the molecules averaged over total number of molecules 
(𝑁!), given by, 
Similarly, the mass distribution (typically obtained by light scattering) is obtained by 
weighted averaging (or weight fraction, 𝑤! , of molecules with weight, 𝑀!) of molecular 
weight given by, 
	
 










Solution viscosity becomes an important parameter for dynamics of polymer solutions. 
Viscosity is greater for larger polymer molecules and therefore can have a large effect on 
the bulk molecular weight. Thereby, the viscosity-weighted molecular weight can be 
obtained by adjusting 𝑀!  to account for hydrodynamic effects arising from solvent 
quality (parameter 𝑎),	
For a polydispersed polymer, the three averages are in the order of, 𝑀! > 𝑀! > 𝑀!. And 
degree of polydispersity, is given by the polydispersity index (PDI), where 𝑃𝐷𝐼 =𝑀! 𝑀!. Because of the difficulties in explicitly defining the physical properties of 
polymers (such as size, shape and volume), several statistical approximations have been 
developed initially by Flory1. The length of a polymer is calculated using end-to-end 
distance (𝑅!!) and the size (or volume) is calculated using radius of gyration (𝑅!). These 
parameters are outlined below, 
 
 𝑀! = 𝑤!𝑀! =  𝑁!𝑀!!! 𝑁!! 𝑀!  (2.3) 
 
𝑀! = 𝑤!𝑀!!!









where, 𝑎 is the statistical segment length. As an initial approximation, radius of gyration 
assumes that the polymer is freely jointed and behaves as an ideal chain in random walk 
configuration. To further improve accuracy, the effect of bond angles on the size of the 
polymer can be introduced. Equation  2.7, introduces fixed bond angles to 𝑅!, with 𝜃 
being the interior angle between backbone molecules. 
 
Additionally, there are energetic barriers such as specific interactions that hinder bond 
rotations. Energetically favorable conformations such as gauche (+), gauche (-) and trans 
positions bias the freely jointed chain leading to restricted rotations. Equation 2.8, 
introduces energetic considerations using cos𝜑  as the ensemble average of allowed 
rotations. The 𝑅! equation is modified as follows,	
	 	
Equations 2.6-2.8 improve the accuracy of 𝑅! and are good estimates for single polymer 
chains in their random walk configurations. These 𝑅! estimates, however, ignore physical 
 




𝑅!! = 𝑁𝑎!6 1+ cos𝜃1− cos𝜃  
 
(2.7) 




and chemical interactions of the chain with itself as well as its environment. To account 
for specific polymer-solvent interactions such as Van der Waals forces, the Gibbs free 
energy (∆𝐹!) for a binary polymer system was derived by Flory1 as follows, 
𝜒!" = 𝛿! − 𝛿! !𝑉!𝑅𝑇  
 
Where 𝑅 is the gas constant, 𝑇 the absolute temperature, 𝑛!  and 𝑣! the number of moles 
and volume fraction of the two species in the binary mixture, 𝑉! the molar volume of 
monomer, 𝛿! the Hilderbrand solubulity parameters for the two components and 𝜒, the 
Flory interaction parameter. 
 
Polymers exhibit specific and non-specific (attractive and repulsive) interactions with its 
solvent. They also exhibit repulsive interactions towards its backbone. Together, these 
effects change the physical dimension of a polymer dissolved in solvent. Flory introduced 
the notion that at a certain condition known as the 𝜃 point, the effective net attraction of 
the solvent to the polymer is cancelled out exactly by the effective repulsion (or excluded 
volume) effects. At this condition, the polymer behaves as though interactions do not 
exist, assuming random walk conformations. Equations 2.6-2.8 describe the 𝑅! perfectly 
at the 𝜃 point. Above the 𝜃 point, the polymer-solvent interactions dominate resulting in a 
larger 𝑅! . Below the 𝜃  point polymer-polymer interactions dominate resulting in a 
 




smaller 𝑅! . Several further improvements have been incorporated by Flory and 
Krigbaum2 which utilizes an expansion factor to further adjust the 𝑅! to account for 
shape of the polymer. We direct the reader to work cited for further information. 
 
2.1.2. Step Growth Polymerization3 
 
Step-growth polymerization is a widely used polycondensation-type 
polymerization technique in which bi- or poly-functional monomers can be used to 
synthesize polymers of controlled characteristics. The polymerization proceeds by the 
reaction between two different functional groups, for example, hydroxyls and carboxyl 
groups, isocyanate and hydroxyl groups, vinyl ether and hydroxyl groups, etc. Step-
growth polymerization proceeds by relatively slow increase in molecular weight of the 
polymer. The first step of the process includes the formation of a dimer by covalent end-
linking of two functional groups. Stepwise reaction of the dimers with subsequent 
monomers or dimers produce trimers and tetramers, respectively. Because of the 
sequence of monomer addition, the monomers within the reaction are rapidly consumed 
during the initial stages. The relationships between conversion and molecular weight 
(MW) or number averaged degree of polymerization (𝑋! 𝑜𝑟 𝐷𝑃!) was first established by 
W. Carothers in 1930s4 and later expanded by Flory1 as follows, 
 
 
𝑋! = 𝑁!(1+ 1 𝑟) /2𝑁! 1− 𝑝 + 𝑁!(1− 𝑟𝑝) /2 = 1+ 𝑟1+ 𝑟 − 2𝑟𝑝 (2.10) 
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where 𝑁! and 𝑁!  represent the number of 𝐴 and 𝐵  functional groups present in the 
polymerization between two bifunctional monomers 𝐴𝐴 + 𝐵𝐵. And 𝑟 is defined as the 
stoichiometric imbalance (𝑁! 𝑁!  or 𝑁! 𝑁!) of the functional groups. When the two 
functional groups are present in equal amounts, the chain continues to grow to infinity. 
The total monomer units in the reaction can be calculated using (𝑁! + 𝑁!)/2, which can 
be re-written in terms of one variable as 𝑁! 2 (1+ 1 𝑟). The extent of the reaction, 𝑝, is 
defined as the time-dependent fraction of limiting groups (𝐴 groups in the stoichiometric 
imbalance) that have reacted. Subsequently, the time dependent fraction of 𝐵 groups can 
be calculated as 𝑟𝑝 . The fractions of unreacted 𝐴  and 𝐵  is (1− 𝑝)  and (1− 𝑟𝑝) 
respectively. To convert the fraction into total number of moles, it is multiplied by the 
amount of each functional groups initially present, giving, 𝑁! (1− 𝑝) and 𝑁! (1− 𝑟𝑝) 
as the total amount of unreacted functional groups at a particular time during the reaction. 
The total number of monomers present is calculated by dividing the total number of 
functional groups by 2. 𝑋! is calculated as the total number of 𝐴𝐴 and 𝐵𝐵 molecules 
initially present divided by the total number of polymer molecules to give Equation 2.10 
above. 
 
There are two limiting forms of the equation that are useful, especially when comparing 
with experimental results. When the two bifunctional monomers 𝐴𝐴 and 𝐵𝐵 are present 
in stoichiometric equivalence (𝑟 = 𝑁! 𝑁! =  1 ), Equation 2.10 is reduced to the 





At the limit where the reaction goes to completion, i.e, 𝑝 → 1, Equation 2.10 is simplified 
to Equation 2.12. Additionally, it is seen that, when 𝑟 =  1 and 𝑝 → 1, 𝑋! → ∞, 
 
An implication of the Carother’s equation is that high 𝑝 is required in order to obtain 
higher molecular weights. Experimentally, it is difficult to obtain the theoretical high 𝑝, 
except under certain conditions5, 
 
1. High monomer conversion (>99.9%) 
2. Purely bifunctional monomers (𝑓 = 2) 
3. Stoichiometric imbalance of ~1 
4. Elimination of side reactions such as degradation or cyclization 
5. Good accessibility of functional groups 
6. Long reaction times 	  
 








In the event that mono functional (end-capping) groups are introduced into the 
polymerization, parameter 𝑟 and 𝑝 is modified to include the mono-functionality of the 
monomers. The theoretical modeling of this type of reaction was considered by Flory1 
and more recently by Knoester6. In this case, the definition of monomer ratio introduced 
in Equation 2.10 is modified to include the capping groups. In its most general form, two 
capping groups is introduced as 𝑁!] moles of mono-functional 𝐴, 𝑁!] moles of mono-
functional 𝐵. Then, 𝑁!!!"! =  𝑁!  +  𝑁!]  and 𝑁!!!"! =  𝑁!  +  𝑁!]. Assuming that, 𝑟 ≤1 , that is, functional groups of type 𝐴  are in excess, we can write the fractional 
conversion of limiting functional group B as in Equation 2.13. 
 
where, 𝑍 is the current number of moles of covalent bonds between A-B.  The modified 𝑟 and 𝑝 parameters can be substituted in Equation 2.10 to obtain 𝑋!. The main effect of 
the end-cappers is the limitation of the maximum achievable conversion, and thus, 𝑋!. 
The fractional conversion (𝜔!) can be written as,  
 












where 𝑝 = 𝜔!𝑝!  and the actual conversion ranges from 0 to 1 for 𝑝! . The maximum 
obtainable molecular weight is depicted in Figure 2.1, which shows that the molecular 
weight obtained at full conversion depends strongly on 𝜔! being the measure of the 
moles of end-cappers 𝐵]. Lastly, it is important to note that when B functionality is in 
complete deficiency, the end-cappers of type 𝐴] do not play any further role in the final 
molecular weight.  
 
The above model makes three key assumptions, 1) uniform reactivity between A and B 
functional groups (that is reactivity is independent of the size) and 2) the monomers are 
premixed and, 3) the mathematical model to draw segments from populations with 
replacement (which fails to predict the correct conversion at very low and very high 






















2.1.3. 1, 3-Dipolar Azide-Alkyne Cycloaddition (CuAAC) 
 
This important reaction system was first studied by Huisgen in 19637,8, but later 
popularized and termed “click chemistry” by Barry Sharpless in a breakthrough 
publication9. Sharpless defined stringent criteria for click chemistry: the reaction should 
be modular, wide in scope, high yielding and stereospecific. Although many click 
reactions of this type were introduced, one particular click reaction system stands out 
from the rest: it was described as CuAAC10,1, which is a copper catalyzed reaction 
between terminal or internal alkyne with organic azide groups. Importantly, this click 
reaction was highly selective, stereospecific and orthogonal, attributing to its high 
thermodynamic driving force (>20 kcal mol-1). 
 
The Copper (Cu) catalyst plays an important role in changing the mechanism of the 
reaction by forming a 5-triazolyl copper intermediate (Scheme 2.2). The key C-N bond is 
created by nucleophilic, 𝛽 carbon of Cu (I) acetylide and the electrophilic terminal 
nitrogen of the coordinated azide. Because of the catalytic activity of Cu, the rate of 
CuAAC is increased by 107 relative to thermal 1,3-dipolar cycloaddition (Scheme 2.1) 11. 
The mechanism of CuAAC is shown in Scheme 2.2, which indicates the formation of the 
intermediate copper complex and subsequent detachment to form the triazole linkage. 
																																																								1 CuAAC was simultaneously and independently reported by Meldel et al22 and Sharpless 
et all9.  
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Scheme 2.2: Mechanism of CuAAC. 












Scheme 2.1: (a) thermal cycloaddition reactions, which requires prolonged heating and 
results in a mixture of 1,4- and 1,5-regioisomers, (b) CuAAC reaction produces only 1,4-
disubstitited-1,2,3-triazoles at room temperature. 








2.1.4. Ruthenium Catalyzed Azide-Alkyne Cycloaddition (RuAAC) 
 
Cu (I) is an excellent catalyst for the generation of stable triazole linkages using 
CuAAC. However, there are some limitations; 1) its regioselectivity is constrained to 1,4-
disubstituted 1,2,3-triazoles, 2) it does not readily engage in internal alkyne systems and 
3) is extremely sensitive to atomic oxygen, hence, requiring highly evacuated reaction 
conditions (eg: ATRP conditions).  
 
In contrast, ruthenium cyclopentadienyl complexes have shown to catalyze the formation 
of 1,5-disubstituted 1,2,3-triazoles from azides and terminal alkynes and additionally, 
engage in cycloaddition onto internal alkynes12. Especially,	pentamethylcyclopentadienyl 
ruthenium chloride [Cp*RuCl] complexes such as Cp*RuCl(PPh3)2, Cp*RuCl(COD), and 
Cp*RuCl(NBD) are extremely effective and high yielding. The mechanism of action for 
Ru (I) catalyzed cycloaddition reactions is quite distinct to its Cu (I) catalyzed cousin. 
The nucleophilicity of the 𝜋-system is increased by the donation of electrons from the Ru 
center, forming the catalytically active [Cp*RuCl] species. The substitution of the 
spectator ligands by the alkyne and azide to the [Cp*RuCl] followed by oxidative 
coupling forms the triazole intermediate. This intermediate, undergoes reductive 
elimination to form the desired click product13. The RuAAC reaction proceeds with both 
terminal and internal alkynes and gives 1,5-disubstituted and 1,4,5-trisubstituted- 1,2,3-









2.2. Experimental Techniques 
 
A number of instruments and experimental techniques are used throughout this thesis. 
This section examines the principles that govern the important instruments and analytical 
techniques used. 
 
2.2.1. High Performance Liquid Chromatography (HPLC) 	
 
Liquid chromatography (LC) was developed in the early 1900s by the work of the 
Russian botanist, Mikhail Tswett. His pioneering studies focused on separating leaf 
pigments, extracted from plants using a solvent, in a column packed with particles14. 
Tswett filled an open-ended glass column with calcium carbonate/alumina and poured the 
solvent extract plant leaves in petroleum ether. As the extract passed through the column 
under gravity, several colored bands were observed indicating separation of the plant 
extract. Tswett, deduced that difference affinity of the various compound in the analytes 






Scheme 2.3: Schematic of RuAAC. The reaction proceeds with terminal and internal alkynes to 
give 1,5-disubstituted and fully 1,4,5-trisubstituted 1,2,3-trazoles.  
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(plant extract) to the stationary phase (calcium carbonate/alumina) caused this separation. 
His initial gravimetric liquid chromatography technique has evolved into one of the most 
commonly used analytical methods known as High Pressure Liquid Chromatography 
(HPLC). The key components for modern day HPLC system are outlined in Figure 2.2. 
They include, (1) a mobile phase reservoir, (2) a high-pressure pump, (3) sample injector 
or auto-sampler, (4) one or more HPLC columns and (5) one or more detectors. 
  
A high-pressure pump is used to push the mobile phase through the system at a specified 
flow rate. The sample is introduced into mobile phase prior to reaching the column, 
which performs the separation process. The column contains the chromatographic 
packing material needed to effect the separation. This packing material is called the 
stationary phase and may consist of silica gel, polymeric gels (PS, PMA, PVA etc.), or 
non-polymerics (cellulose, dextran etc.). The columns may also contain packing material 












that use many modes of separation including, polar packing materials that separate the 
constituents based upon polarity; ion-exchange packing materials that separate by charge; 
affinity packing that separates based upon specific interactions such as hydrogen bonding 
or enzyme-substrate interactions, and size exclusion packing materials that separate by 
molecule size. Size exclusion packing (for Size Exclusion Chromatography) is most 
commonly used and is the central focus of this section because of its wide applicability in 
characterization of polymers. Beyond the column, the mobile phase is pumped into the 
detectors, which captures the separation through detection techniques such as Refractive 
Index (RI), Ultra Violet (UV), Static Light Scattering (LS) etc. The sample is finally 
collected or discarded.  
 
2.2.2. Size Exclusion Chromatography (SEC)15 		
 Size exclusion chromatography (or GPC) deals with separation of analytes 
dissolved in a mobile phase according to its size. For polymers, molecular size can be 
especially difficult to quantify because they can take several conformations and sizes. 
However, SEC columns operate on the principles similar to HPLC columns. The column 
packing is typically made from uniform polystyrene-divinylbenzene copolymer porous 
breads that have a known pore-size distribution. The analytes dissolved in the mobile 
phase diffuse into the pores of the beads, extending their path to the outlet. Depending on 
the size of the molecule, the path extended may vary; smaller molecules diffuse further 
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into the pores than larger molecules, essentially separating them by elution time. The 
elution time of each molecule can then be considered a function of size (Figure 2.3). 
 
A schematic of the SEC column is shown in Figure 2.4. The analyte-carrying mobile 
phase elutes from left to right with a velocity 𝑣. The column has length 𝐿 and cross 
section diameter 𝑑 . The characteristics 𝐶!" ,𝐷!"  and 𝜀!  represent the mobile phase 
concentration of component 𝑖 , radial diffusivity of component 𝑖  and void fraction, 
respectively. The concentration of the inlet is denoted 𝐶!(𝑡).  The interstitial velocity can 
be written as 𝑣 = !!!! = !!!!!!!, where 𝐴 is the cross-section area of the column. Mass 
transfer rate through the stagnant film boundary for component 𝑖 is denoted 𝑘! . The 
intrapore concentration of a particle 𝑖 with porosity 𝜀!, is 𝐶!". Effective diffusivity is 
denoted 𝐷!" and the concentration of component 𝑖 within the solid phase is denoted 𝐶!"∗ . 
a 
b 
Figure 2.3: (a) simplified schematic of flow of different sized particles through an SEC 
column. The detectors detect the intensity of the eluted particles with largest particles eluting 
first and the smallest last, (b) simplified illustration of bead found in the column packing. 









 	  
Figure 2.4: Schematics of (a) SEC mobile phase and characteristic model parameters, (b) 
SEC stationary phase with model parameters. The solid bead (solid line) is surrounded by a 
stagnant layer (dotted line) through which only mass transfer occurs15.  
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The assumptions of the model are as follows: 
 
1. The system is isothermal (this assumption is experimentally sound due to the high 
performance column ovens in most modern day SECs) 
2. The beads in stationary phase are considered to spherically symmetric and equal 
in diameter. 
3. Radial concentration gradients are negligible.  
4. The fluid flow inside the pore is negligible. Diffusion is the only mode of mass 
transfer. 
5. An instantaneous local equilibrium exists between the macropore surface and the 
stagnant fluid inside the macropores.  
6. Diffusivity and other mass transfer parameters are constant and independent of 
component mixing effects. 
 
Using these assumptions, the governing equations can be obtained from differential mass 










The first three terms in Equation 2.16 follow directly from the unidirectional species 
conservation equations. The fourth term (source term), ! !!!!!!!! , describes the total particle 
shell surface area inside the macropore, ignoring the volume inside the pore. Similarly, 
the first term in Equation 2.17 represents the time-dependent concentration of species 𝑖 
attached to the solid, taking into account the void fraction. The second term describes the 
time-dependent concentration of the pores. Term three denotes the diffusion in and out of 
the pores. 
 
To simplify the calculation, several dimensionless parameters are defined. 𝑐!! =  𝐶!! 𝐶!! , 𝑐!! =  𝐶!! 𝐶!! ,   𝑐! =  𝐶! 𝐶!! ,   𝜏 =  𝑣𝑡 𝐿 ,   𝑟 =  𝑅 𝑅!,   𝑧 =  𝑍 𝐿		Pe!! =  𝑣𝐿 𝐷!! ,  Bi! =  𝑘!𝑅! 𝜀!𝐷!! , 𝜂! =  𝜀!𝐷!!𝐿 𝑅!!𝜈 , 𝜉! = 3Bi!" 1−  𝜀! 𝜀!				
 
We can then transform equations 2.16 and 2.17 to its dimensionless form, 	
 
1− 𝜀! 𝜕𝐶!"∗𝜕𝑡 +  𝜀! 𝜕𝐶!"𝜕𝑡 − 𝜀!𝐷!! 1𝑅 𝜕𝜕𝑅 𝑅! 𝜕𝐶!"𝜕𝑅 = 0 
 
(2.17) 




with initial conditions, 𝜏 = 0	𝐶!! =  𝐶!! 0, 𝑧 	𝐶!! =  𝐶!!  0, 𝑟, 𝑧  
and boundary condition, at 𝑧 = 0, 𝜕𝑐!! 𝜕! =  Pe!! 𝑐!! −  𝐶!" 𝜏 𝐶!! 		at 𝑧 = 1, 𝜕𝑐!! 𝜕𝑧 = 0		at 𝑟 = 0, 𝜕𝑐!! 𝜕𝑟 = 0	
	at 𝑟 = 1, 𝜕𝑐!! 𝜕𝑟 =  Bi! 𝑐!! −  𝑐!!,!!! 	
 
where, 𝐶!! is the maximum value of 𝐶!"(𝜏). 
 
For SEC specific effects, the term, 𝜀!"!  is defined to include accessible porosity (volume 
fraction), where, 0 < 𝜀!"! < 𝜀!. Term 𝜀!"!  replaces 𝜀! in all relevant variables in SEC. We 
also assume that there are no specific interactions between the beads and the analyte, 
effectively neglecting the 𝐶!"∗  related terms.  	
It can be shown that the separation in SEC is dependent only on accessible porosity, 𝜀!"!  
for each species 𝑖 . The large accessible porosity implies that the molecules are 
comparatively small and will therefore have a larger volume to travel to before elution 
and vice versa. Molecules smaller than the smallest pore size will remain undifferentiated 
 




and elute together at the end of the eluting time. Molecules larger than the largest pore 
size will flow directly to the end of the column without separation.  	
Since the specific shape and size of a polymer molecule is difficult to determine, 
assumptions must be made in order to correlate the size of the molecule with elusion 
time. If it is assumed that the pores exists as cylindrical tubes and polymer molecules as 
solid spheres with radius 𝑅!  (radius of gyration), the volume percent of the pore 
accessible to the polymer in solution is, 
 
where, the single chain definition for 𝑅! is incorporated (see section 2.1.1) into Equation 
2.20. Since, 𝑁 (number of monomers) scales with molecular weight, we find that the key 
separation variable for SEC is proportional to the molecular weight of each species to the 
power 1.5. We can then write, 	
			
where, 𝑀 is the molecular weight of the chain, 𝑚 the molecular weight of a monomer and 𝛽, the statistical segment length. The accessible porosity in Equation 2.20 is that of a 
molecule with a single molecular weight, which ultimately leads to the source of SEC’s 
 








ability to separate polymer molecules through volume travelled by each size molecule. 
Parameters 𝑀 and 𝑚 are independent of the characteristics of the polymer. However, 
parameter 𝛽, which account for polymer-solvent interactions, is strongly dependent on 
the type of polymer. To account for polymer-solvent interactions for various polymers, a 
viscosity average molecular weight is used. The viscosity average can be written as, 
 
where, 𝑎 is the Staudinger-Mark-Howink parameter accounting for solvent quality. The 
viscosity of a dilute polymer solution can then be related to the molecular weight of the 
polymer1,17. Parameter [𝜂] is defined as the intrinsic viscosity, which is the concentration 
independent viscosity for a single polymer chain in solution18. Parameter [𝜂] can be 
obtained empirically, by plotting specific viscosity (𝜂!"#$%&%$ = 𝜂!"#$%&'" − 1) versus 
concentration (𝑐) at the limit where 𝑐 → 0. Mark-Houwink-Sakurada equation, then 
relates intrinsic viscosity to viscosity averaged molecular weight 𝑀! as follows, 
 
where, 𝐾 and 𝑎 are independent constants that depend on temperature and solvent quality.  
The Mark-Houwink-Sakurada relationship provides a convenient means to universally 
calculate molecular weight of any polymer using SEC.  
 	
 
𝑀! = 𝑁!𝑀!!!!! 𝑁!𝑀!! ! ! 
 
(2.22) 




When energy is applied to matter, it can be absorbed, emitted, transmitted, or 
cause a chemical change. In the following topics, details of three prominent spectroscopic 
techniques; nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy 
(FTIR) and ultra-violet/visible spectroscopy (UV/Vis) will be discussed. Together, these 
methods comprise of an array of spectroscopic tools used by organic chemists. Detailed 
information about molecular structure can be obtained by choosing a suitable technique 
or combination.  
2.2.3.1. Nuclear Magnetic Resonance (NMR)19 
 
Nuclear magnetic resonance is one of the most widely used spectroscopy 
techniques in chemistry. The technique exploits the magnetic properties of the atomic 
nuclei to quantitatively determine physical properties such as structure, dynamics, 
reaction state, and electronic structure of molecules and their functional groups. The 1952 
Nobel Prize in Physics was awarded to Felix Bloch and Edward Purcell for their 
discoveries relating to NMR. 	
The key components for NMR system are outlined in Figure 2.5. They include, (1) a 
radio frequency generator, (2) a sample tube with external magnetic field, and (3) a 
detector and amplifier. Most NMR spectrometers use superconducting magnets that 
operate in a bath of liquid helium at ~4.3 degrees above absolute zero, and have 




Nuclei of certain atoms contain magnetic spin in their chemical structure. When 
compounds containing these elements are placed in a strong magnetic field and irradiated 
with electromagnetic energy at a specific frequency, the nuclei absorb the energy, in its 
quantized form, through magnetic resonance. The nucleus of hydrogen, 1H, has a spin 
quantum number of ± !!. Similarly, nuclei of 13C, 19F and 31P contain spin numbers of + !!. 
Experimental results outlined in this thesis were generated exclusively through 1H-NMR. 
 	  








Protons are intrinsically charged and therefore generate a magnetic moment that 
coincides with the axis of spin. When an external magnetic field is applied to the proton 
containing system, the magnetic moments of the protons assume one of two possible 
configurations; aligned with or against the external field. The two states are not 
necessarily equal in energy. Protons with magnetic moment aligned with the magnetic 
field typically have lower energy than the ones pointing against the field. External energy 
supplied by the electromagnetic radio frequency generator is able to “flip” the low energy 
ground state spin to a higher energy spin state according to Figure 2.6. When energy 
absorption occurs, the nuclei are in resonance with the electromagnetic radiation. It can 
be shown that the electromagnetic radiation that is required to excite a proton is 300MHz 
(or 7.04 Tesla). 
 
It can also be shown that the frequency of radiation (𝜈) and magnetic field strength (B0) is 
related as, 
Figure 2.6: The energy difference (∆𝐸) between two spin states of a proton depends on the 
strength of the applied external magnetic field (𝐵!). (a) If there is no applied field (𝐵! = 0) 
there is no energy difference. (b) If 𝐵! ≅ 1.41 tesla, then ∆𝐸 = 60 MHz, (c) If 𝐵! ≅ 7.04 
tesla, then ∆𝐸 = 300 MHz19 
 
a b c 
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where, 𝛾 is the magnetogyric ratio (for proton, 𝛾 = 26.753 𝑟𝑎𝑑 𝑠!!𝑡𝑒𝑠𝑙𝑎!!), E is energy 
and ℎ, the Plank’s constant. 
 
The nuclei spin about the magnetic field occurs at a frequency directly related to its 
chemical shift. Applying a pulse of radio frequency energy that is identical to the nuclear 
magnetic moment frequency causes the magnetic vector to tip away from the applied 
field axis towards the direction of the pulse. A receiver coil situated in this direction, 
receives an electric current (free induction decay, FID) that is converted through Fourier 
Transforms to generate the frequency/amplitude chemical shift observed in the detector. 
Since most compounds have nuclei in a variety of environments, they have nuclei that 
spin and absorb energy at a variety of frequencies, exhibiting signals at different chemical 
shifts, revealing their structural and environmental information.  
 
There are several more aspects of NMR that need to be discussed such as, coupling, 
shielding & de-shielding, chemical shifts of equivalent protons etc., in order to fully 
understand NMR. We direct the reader to the textbook: Organic Chemistry, 11th edition 








2.2.3.2. Fourier Transform Infra-Red (FTIR) Spectroscopy 
 
Fourier Transform-Infrared Spectroscopy is an analytical technique used to 
identify organic materials using absorption of infrared radiation (600-4000 cm-1). When a 
material is irradiated with infrared radiation (IR), molecules undergo excitation to a 
higher vibrational state, later releasing the absorbed energy at wavelengths that is 
characteristic of its molecular structure. Characteristic of the FTIR technique in contrast 
to regular IR techniques is the use of a broadband IR source (rather than monochromatic 
IR), which allows for multiple data collection.  
 
The key components for FTIR system are outlined in Figure 2.7. They include, (1) an IR 
source (interferometer), (2) beam splitter, (3) stationary and moving mirrors, and (4) a 
detector.  
















One arm of the interferometer contains a stationary, plane mirror; the other arm contains 
a movable mirror. Bisecting the two arms is a beam-splitter, which splits the source beam 
into two equal beams. These two light beams travel down their respective arms of the 
interferometer and are reflected back to the beam-splitter and onto the detector. The two 
reunited beams will interfere constructively or destructively, depending on the 
relationship between their path difference and the wavelengths of light. When the 
movable mirror and the stationary mirror are positioned the same distance from the 
beam-splitter in their respective arms of the interferometer (𝑥 =  0), the paths of the light 
beams are identical. Under these conditions all wavelengths of the radiation striking the 
beam splitter after reflection add coherently to produce a maximum flux at the detector 
and generate what is known as the "center burst". As the movable mirror is displaced 
from this point, the path length in that arm of the interferometer is changed. This 
difference in path length causes each wavelength of source radiation to destructively 
interfere with itself at the beam splitter. The resulting flux at the detector is the sum of the 
fluxes for each of the individual wavelengths that rapidly decrease with mirror 
displacement. By sampling the flux at the detector, one obtains an interferogram20. 
 
In the electromagnetic spectrum, light is described in terms of frequency (𝜈) and 
wavelength (𝜆). Frequency and wavelength are inversely related according to equation 𝐸 = ℎ𝜈 = !!! , where E is energy of the photon, and h is Plank’s constant. In IR 
spectroscopy, wavenumber (𝜈) becomes relevant and has units cm-1.  
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It is well known that the intermolecular bonds in a particular sample, can vibrate with 
stretch (symmetrically or asymmetrically) or bend type motions (Figure 2.8). Each of the 
excited vibrational states is reached when the molecule is exposed to a specific frequency, 
which corresponds to the exact frequency between the ground and excited states of the 
molecule (∆𝐸).  Quantitative determination of these energies allows for the determination 
of the bonds that exist in a molecule. These vibrational motions are converted to a 
electrical signal which is sent for processing. 
 
In spectroscopy measurements, absorbance (𝐴) of a molecule is determined by its relative 
intensity given by Equation 2.25, where, 𝐼 and 𝐼! represent the intensities at the detector 
and source, respectively. After the signal passes through the sample (see Figure 2.9 for 
various modes of sampling), it is detected and transformed from time domain to 
frequency domain by Fourier Transform. 
 












Figure 2.8: Types of intermolecular bond vibrations that allow for FTIR characterization. 
 
		 65 
The Fourier Transform 𝐺 𝑡  of a time domain signal 𝑔 𝑡  can be written as, 
 
For example, a sinusoidal signal of frequency 𝑓!, 
 
using Euler’s relation, 𝑔 𝑡  can be written as,  
	
Thus,  
 𝐺 𝑓 = 𝑐𝑜𝑠𝑓!𝑡𝑒!!!"#$𝑑𝑡!!!  
                       = 𝑒!!"!!! + 𝑒!!!"!!!2 𝑒!!!"#$𝑑𝑡!!!  
                                                       = 12 𝑒!!"!!!!!! 𝑒!!!"!!!𝑑𝑡 + 𝑒!!!"!!!!!! 𝑒!!!"!!!𝑑𝑡  
         = 12 𝛿 𝑓 − 𝑓! +  𝛿 𝑓 + 𝑓! 	
 𝐺 𝑓 = 𝑔(𝑡)𝑒!!!"#$𝑑𝑡!!!  (2.26) 
 𝑔 𝑡 = 𝑐𝑜𝑠𝑓!𝑡 (2.27) 
 𝑔 𝑡 =  𝑒!!"!!! + 𝑒!!!"!!!2  (2.28) 
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The Fourier Transform of the sinusoidal signal becomes an impulse at frequency 𝑓!. 
Similarly, any input signal can be transformed by Fourier Transform and plotted for 
sample identification.  
 
 	  
	
Figure 2.9: Sampling methods for FTIR 
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2.2.3.3. Ultraviolet-Visible (UV/Vis) Spectroscopy 
 
 UV/Vis spectroscopy is another commonly used characterization technique, 
which uses light absorption in the ultraviolet (~190-380 nm) and visible (390-700 nm) 
regions of the electromagnetic spectrum. In this region 𝜋-bonded (and non-bonding 
electrons) can absorb the energy to excite to higher anti-bonding molecular orbitals. The 
absorbed energy is characteristic of the electron structure unique to every compound and 
is used to make molecular level determinations. The key components of a UV/Vis 
spectrometer is outlined in Figure 2.10. They include, (1) a UV/Vis source (typically one 
source for UV and another for visible), (2) monochrometer, (3) beam splitter, and (4) 
detector (photo-diode). 
 
Visible and/or UV light emitted from the light source is separated into its components by 
a monochrometer. Each monochromatic beam is then split in equal halves by a mirror 
Figure 2.10: Schematic diagram of key components of UV/Vis 
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sending one through the sample and the other through a calibrated reference (solvent). 
The relative intensities (∆𝐼) of these light beams are then measured by electronic 
detectors and compared as follows,  
where, 𝐼 is the intensity of the light emitted by the source and 𝐼!, the intensity reaching 
the detector. As in FTIR spectroscopy, absorbance (𝐴) is defined as, 
 
According to Beer-Lambert law, the absorption can be related to concentration using the 
following relationship, 
 
where, 𝜖  is the molar absorptivity, 𝑏  the path length and 𝑐  the concentration of the 
sample. For a sample in a cuvette of known dimensions under known wavelengths of 
light, 
 
which allows for quantitative determination of molar concentrations. For LCST polymers 
studied in this thesis, a modification of the above principle is used21. The change in 
 




𝐴 = 𝑙𝑜𝑔!" 𝐼!I  
 
(2.30) 
 𝐴 = 𝜖𝑏𝑐 (2.31) 
 𝐴 ∝ 𝑐 (2.32) 
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intensity of the light detected by the UV/Vis detector depends on the light absorbed, as 
well other factors such as light reflected, interfered or scattered (Equation 2.33). For 
cloud point temperature (CPT) determination, an aqueous LCST polymer is subject to 
various temperatures at a single wavelength that does not absorb. In the absence of 
absorption, ∆𝐼 becomes solely a function of reflection, interference and scattering.  
 
 




At the CPT, dispersed polymers undergo a phase change and scatter incident light, 
leading to a rapid decrease in the incident light and hence, transmittance. This method 
can be used to accurately capture the CPT of water-soluble LCST polymers such as 
polyacetal.  
  
 ∆𝐼 =  𝐼!"#$%"&' + 𝐼!"#$"%&"' + 𝐼!"#$%&$%$' + 𝐼!"#$$%&%' (2.33) 
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Chapter 3 |  
 
Polyacetal Main Chain Conjugates 
 
3.1. Motivation 	
Precise control over temperature response in polyacetal	 make the polymer a 
preferred candidate for many biological applications, especially targeted drug delivery1–3. 
Polyacetal is an inert polymer, similar in structure and properties to poly(ethylene glycol) 
(PEG), which has been investigated for many years due to its “stealth” properties when 
introduced into the human body4,5. PEG is typically used in its inert form as a drug carrier 
by a process known as PEGylation, which avoids detection of the carrier by the RES of 
the body. Passive targeting methods such as PEGylation provide somewhat improved 
drug delivery, yet fail to provide effective tumor targeting to improve clinical outcomes. 
Such improvements can only be achieved by active targeting of tumor tissues using 
functional polymers. Therefore, we explore several functionalization procedures of PAs 
in the following chapters6–10. 
Base PAs are synthesized via reaction between divinyl ether and diol (typically glycol) 
monomers under step-growth polymerization conditions. A strategy that is explored to 
prepare functional PAs is preferential replacement of glycols with functional diols during 
step-growth polymerization to prepare main-chain PA conjugates. In this chapter we 
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discuss in detail, the preparation and limitations of main-chain PA drug conjugates 
containing three HIF-1 inhibitors (i.e. functional diols) that are known anticancer agents. 
Furthermore, we discuss the concept, advantages and drawbacks of using main-chain 
polyacetal drug conjugates as a drug delivery vehicle.  
 
PA main-chain conjugates naturally provide a pH dependent passive release mechanism, 
and can be readily functionalized to provide ligand-based active targeting in addition to 
its temperature-response. Since PA-drug conjugates are intrinsically biodegradable under 
acidic conditions11, they can be used in low pH settings, such as those typically found in 
cancer cells and other tissues12,13 (eg: skin, gut etc.). Furthermore, the degradation 
products of PAs are neutral11, allowing for safe removal from the body. An extensive list 
of potential anti-cancer drugs that can be used to synthesize main-chain drug conjugates 
is given in Appendix A. 
 
Degradable PAs functionalized with therapeutic agents have been previously reported. 
Heller and coworkers described the synthesis degdradable polyacetal using the reaction 
of divinyl ether and diols in 198017. Since then, several others have described the 
synthesis of polyacetal with different architectures using a varity of  divinyl ether and 
diol as well as polyols to improve fucntionality10,18–23. More recently, Brocchini and 
coworkers presented methods to prepare pendent-chain PA conjugates using serinol, a tri-
functional monomer that can be used for drug conjugation as well as step-growth 
polymerization15. The resulting PA-drug conjugates were functional (with Bolton-Hunter 
reagent24 for ease of radiolabeling and characterization) and pH degradable. Further work 
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was done by Brocchini & Duncan to prepare the first known pendent chain polyacetal-
drug conjugates using potent cancer therapeutic, Doxorubicin (PA-DOX), using similar 
chemistry25. In vivo bio-distribution studies conducted in the same study using PA-DOX 
conjugates revealed that the drug conjugate had prolonged plasma circulation and led to a 
4-fold increase in tumor targeting. However, there were three main drawbacks in the first 
generation PA-drug conjugates; 1) the drug loading was minimal, 2) the drug conjugates 
were not temperature-responsive, and 3) after degradation, the released drugs were not 
pristine; instead contained remnants of the conjugation chemistry. These limitations have 
prevented PA-DOX conjugates from being clinically used. 
 
In a series of publications, Vicent and coworkers applied step-growth polymerization to 
prepare main-chain PA-drug conjugates using diethyletilbestrol (DES), a synthetic non-
steroidal oestrogen anti cancer agent as a model compound26,27. DES possessed the 
required chemical structure for direct conjugation to the main chain during 
polymerization. The resulting PA-DES conjugates improved the drug loading capacity 
and demonstrated superior release properties. However, they were based upon 
poly(ethylene glycol) (PEG), and were not temperature-responsive. More recently, Heller 
and coworkers introduced polyacetal and poly(ortho ester)–poly(ethylene glycol) graft 
copolymer thermogels for drug delivery in attempts to synthesize PA-based temperature-
responsive and pH degradable drug conjugates28. However, these materials did not show 




To illustrate their potential as candidates for active-targeted drug delivery vehicles, we 
prepare temperature-responsive, pH-degradable main-chain PA-drug conjugates from 
three hydrophobic anticancer drugs that have been characterized extensively in literature 
as Hypoxia-Inducible Factor-1 (HIF-1) inhibitors29. HIF-1 has been identified as an 
important therapeutic target because its over-expression has been associated with tumor 
growth, vascularization, and metastasis leading to increased mortality in many human 
malignancies. In contrast, inhibition of HIF-1 function has shown to have the opposite 
effect. The primary goal in using these molecules is their thermodynamic limitations. 
HIF-1 inhibitors have rarely been successful in a clinical setting mainly due to their poor 
stability in plasma, low aqueous solubility and the capacity to trigger other molecular 
actions that can decrease HIF protein levels. 
 
In this work we show that main-chain PA-drug conjugates made from HIF-1 inhibitors 
render them water-soluble. Furthermore, the drug conjugates remain pH degradable and 
are temperature-responsive with highly tunable LCST transition temperatures depending 
on the amount of drug loading. Under mildly acidic conditions, these PA-based polymer 
therapeutics degrade to produce small-molecule neutral products, and in the process, 
release pristine anti-cancer drugs. Finally, we are able to extrapolate these results to PA-
based conjugates containing a variety of the other functional diols such as antimicrobials, 




3.2. Results and Discussion 		
3.2.1. Synthesis of Main-Chain Polyacetal-Drug Conjugates with HIF-1 
Inhibitors 		
The preparation of main-chain drug conjugates using PEG and its derivatives 
have been previously reported25,26. The incorporation of an amino pendant diol monomer 
first allowed doxorubicin (DOX) to be conjugated to a PA post-polymerization as a 
pendant group, utilizing standard N-hydroxysuccinimide-mediated carbodiimide 
bioconjugation techniques. However, these drug conjugates have degradation products 
that are DOX derivatives, and not pristine molecules, which include a side-chain remnant 
of the functionalization method. Main-chain polymer-drug conjugates were more recently 
prepared from four different diols within the stilbene family that are known to be HIF-1 
inhibitors27,29. The advantages of the main-chain drug conjugates are that the drug loading 
is several fold higher and that the incorporated drugs are released as pristine drugs upon 
biodegradation. Unfortunately, none of the previously prepared PA-drug conjugates are 
temperature responsive because PEG was used in their synthesis, which places the LCST 
outside of the experimentally accessible range of temperatures.   
 
Synthesis of main-chain PA-drug conjugates is carried out as a ter-polymerization of a 
mixed diol and divinyl ether as described in Scheme 3.1. A mildly acidic catalysis such as 
PPTS is required to carry out the reaction. While in principle, virtually any drug 
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containing two reactive hydroxyl groups (see Appendix A) could be used for this purpose, 
we have focused on the incorporation of three different HIF-1 inhibitors as shown in 
Figure 3.1: diethylstilbestrol (DES), methylhydroquione (MHQ), and bisphenol-A (BIS-
A). These inhibitors are denoted as DD, DM, and DB, respectively. As previously 
described, HIF-1 inhibition is an appropriate target for anti-cancer therapy because 
animal models have associated over-expression of HIF-1 with increased tumor growth, 
vascularization, and metastasis. HIF-1 inhibition has the opposite effect, thus validating 
HIF-1 as an important therapeutic target29.  
 
 
Scheme 3.1: PA-drug conjugates are prepared using step growth polymerization of diol mixture 
(H23 + Dx) and divinyl ether (V22) under standard polyacetal synthesis conditions.  
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While there are an infinite number of combinations of the structural indices possible for 
the family of PAs, for the purpose of preliminary analysis, we have selected a single PA-
base homopolymer system (PA2223V18.2) that allows fine tuning of the LCST to a 
suitable range for applications in HTDD. For HTDD, the target LCST is nominally set to 
correspond to mild hyperthermia in the range of 41-43°C. The PA used in this study 
therefore comprises of tri(ethylene glycol) divinyl ether (V22) and various mixtures of 
tetraethylene glycol (H23) and the drug diols, the latter denoted as Dx. The TLCST of these 
formulations fall in a range that appropriately spans the target range for mild 
hyperthermia. 
 
3.2.2. Synthesis Kinetics of Main-Chain Polyacetal-Drug Conjugates  
 
While the reaction between H23 and V22 (i.e, in absence of any drug) is extremely 
fast (reaction is typically completed within 1 hour), the presence of HIF-1 inhibitors 
during polymerization does diminish the rate of reaction. Moreover, we hypothesize that 
the structure of the HIF-1 inhibitor has a strong influence on the polymerization rate, 
found to be in the order of MHQ>BIS-A>DES as evident from Figure 3.2.  
Figure 3.1: HIF-1 inhibitors (Dx), from left to right: diethylstilbestrol (DES), 




The experimental degree of polymerization, DPexpt, decreases with increasing DES 
content for a constant DPtheo, indicating a low ‘extent of reaction’ for DES. In contrast, 
the experimental and theoretical degrees of polymerization agree well for PA-drug 
conjugates prepared from MHQ and BIS-A for all drug-loading compositions (see Figure 
3.2 and Table 3.1). (Note: Mnexpt is always about twice Mntheo for vinyl ether end-




Figure 3.2: Polymerization kinetics of (a) PA2223 and main-chain PA-drug conjugates prepared from (b) 
MHQ (c) BIS-A and (d) DES with different drug loading: 5% (circle), 10% (triangle), 15% (square) and 





The dependence of the polymerization rate on the nature of the drug can likely be 
attributed to two factors: 1) differences between the reactivity of the two diols used (H23 
and Dx), and 2) steric hindrance. H23 has two primary aliphatic hydroxyl groups, which 
are more reactive toward polymerization than the aromatic hydroxyl groups present in 
HIF-1 inhibitors. Thus, it is expected that the rate of polymerization would decrease upon 
incorporation of any drugs containing aromatic groups. In addition, increased bulkiness 
of the drugs is also expected to decrease the rate of polymerization. Indeed, the bulkiness 
increases in the order of MHQ<BIS-A<DES, which correlates inversely with the 
polymerization rate. In the specific case of DES, the presence of a double bond in its 
Table 3.1: Polymer characteristics of main-chain PA-drug conjugates. The increase in drug content in 
the PA-drug conjugates result in the lowering of the molecular weight, especially in the case of DES. 	
Entry	 Sample	 Drug-diol	
(Dx)	
%	of	Dx	(P)	 %	of	H23		 Mntheo	(kDa)	 Mnexpt	
(kDa)	
PDI	
1	 PA2223V18.2	 No	drug	 0%	 100%	 8.13	 18.24	 2.88	
2	 PA2223DD5V14.1	 DES	 5%	 95%	 8.20	 14.14	 2.39	
3	 PA2223DD10V12.9	 DES	 10%	 90%	 8.28	 12.85	 2.56	
4	 PA2223DD15V9.3	 DES	 15%	 85%	 8.36	 		9.26	 2.00	
5	 PA2223DD20V6.9	 DES	 20%	 80%	 8.43	 		6.94	 1.59	
6	 PA2223DB10V15.1	 BIS-A	 10%	 90%	 8.20	 15.10	 2.57	
7	 PA2223DB20V14.7	 BIS-A	 20%	 80%	 8.27	 14.73	 2.32	
8	 PA2223DB30V14.0	 BIS-A	 30%	 70%	 8.34	 14.01	 2.10	
9	 PA2223DB40V13.0	 BIS-A	 40%	 60%	 8.41	 12.98	 2.75	
10	 PA2223DM5V18.3	 MHQ	 5%	 95%	 8.06	 18.34	 2.53	
11	 PA2223DM10V17.6	 MHQ	 10%	 90%	 7.98	 17.63	 2.52	
12	 PA2223DM15V16.6	 MHQ	 15%	 85%	 7.91	 16.63	 2.83	
13	 PA2223DM20V16.2	 MHQ	 20%	 80%	 7.84	 16.24	 2.34	
14	 PA2223DM30V13.8	 MHQ	 30%	 70%	 7.70	 13.78	 2.29	
15	 PA2223DM40V12.8	 MHQ	 40%	 40%	 6.76	 12.75	 2.28		
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structure may also have an influence on the rate of polymerization, as conjugation 
through an alkene group between two phenyl rings provides additional stability, which 
should render DES less reactive than the other two HIF-1 inhibitors.  
 
Regardless of these limitations, main-chain PA-drug conjugates have been successfully 
prepared from all three diol-based HIF-1 inhibitors. Additionally, several attempts to 
incorporate gemcitabine (GEM), a potent pancreatic cancer drug30, have not yet been 
successful even though gemcitabine contains two hydroxyl moieties. Gemcitabine is an 
important target drug for two reasons, 1) it is currently the standard-of-care treatment for 
pancreatic ductal adenocarcinoma (PDAC), which is malignant form of pancreatic 
cancer, and 2) current methods for administration of GEM has major limitations that 
significantly reduce the residence time of the drug within the tumor. We hypothesize that 
by incorporation of GEM to the polyacetal polymer, we would be able to mitigate these 
limitations. However, during the current analysis, we were not able to prepare PA-GEM 
conjugates most likely due to the low reactivity of the secondary hydroxyl group in 
gemcitabine resulting from the presence of the two electron withdrawing fluorine groups. 
 
3.2.3. Characterization of Main-Chain Polyacetal-Drug Conjugates 		
Characteristics of the polymers studied are summarized in Table 3.1. The 
nomenclature adopted to represent PA-drug conjugates are as follows; PA-drug 
conjugates are denoted as PAijklDxpEM, where PA denotes polyacetal, the indices ijkl 
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describe the structure of the divinyl ether and diol monomers, Dx denotes the HIF-1 
inhibitor used, p is the percentage of the drug as a percentage of the total diol, E is the 
end group (either hydroxyl, H, or vinyl ether, V) and M is the molecular weight in 
kiloDaltons. 
1H NMR was applied to characterize the main-chain PA-drug conjugates and to evaluate 
the actual drug loading within the polymer chain (Figure 3.3). The results confirm that 
the inferences made using the earlier analysis of the GPC method. Furthermore, the 1H 
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b 
c 
Figure 3.3: 1H NMR (CDCl3, 400 MHz) characterization of polyacetal-based polymer 
therapeutics: (a) PA2223DM10V17.6 (entry 1, Table 3.1) (b) PA2223DB10V15.1 (entry 6, Table 
3.1) and (c) PA2223DD10V12.9 (entry 3, Table 3.1). In the 1H NMR spectrum, “*” comes from 
the presence of trace amount of ethyl acetate, “S*” from the moisture in CDCl3 and “I*” is 
unknown to us or from impurity. 	
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For drug conjugates prepared from MHQ and BIS-A, essentially all of the drug added to 
the formulation is incorporated within the polymer. That is, the percentage of drug 
incorporated within the polymer is equal to the value of p listed in Table 3.1. For DES 
conjugates, only about half of the drug added to the formulation is incorporated within 
polymer chains because of the low reactivity of DES previously discussed (Table 3.2). 
 
 															












S.2	 PA2223DD5V14.1	 DES	 5%	 95%	 8.20	 14.14	 2.81	
S.3	 PA2223DD10V12.9	 DES	 10%	 90%	 8.28	 12.85	 6.26	
S.4	 PA2223DD15V9.3	 DES	 15%	 85%	 8.36	 9.	26	 12.84	
S.5	 PA2223DD20V6.9	 DES	 20%	 80%	 8.43	 6.94	 12.77	
 
aassuming 100% conversion using the Carothers equation. 
bcalculated GPC area mass fraction of DES conjugated onto the main chain. 	
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3.2.4. Temperature Response of Main-Chain Polyacetal-Drug Conjugates   		
All main-chain PA-drug conjugates show LCST phase behavior, forming clear 
solutions at lower temperatures that become cloudy at temperatures in excess of the 
TLCST. Because the HIF-1 inhibitors used for synthesis are exceedingly hydrophobic, 
incorporation of the drugs into the polymer main-chain lowers the TLCST by an amount 
commensurate with the amount of drug added. The cloud point temperatures (CPT) at 
which aqueous solutions of main-chain PA-drug conjugates became turbid were 
monitored by UV−vis spectroscopy using a temperature controller. The data in Figure 3.4 
demonstrate that the phase transition upon heating is extremely sharp; occurring over 
about 2-3 °C and that this is true for all drugs and compositions studied. In the case of 
PA2223, without drug (Figure 3.4a), the two monomers (H23 and V22) alternate along the 
chain, thus minimizing concentration fluctuations that tend to broaden the phase 
transition. Some broadening of the transition might be expected due to the increase in 
concentration fluctuations when the drug is introduced as a third monomer, however, the 
thermal responses of PA-drug conjugates remain sharp, similar to that of the PA2223 
without drug.  
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In contrast to the behavior of the base PAs introduced in Chapter 1, which do not show 
hysteresis between heating and cooling cycles, significant hysteresis is observed upon 
cooling the PA-drug conjugates. This is most likely influenced by incorporation of highly 
hydrophobic drug monomers into the polymer backbone. To further investigate the 
conformation behavior of PA-drug conjugates, we examined the LCST using dynamic 
	
		
Figure 3.4: Temperature induced phase transition (@1°C/min, heating, solid line; and 
cooling, dotted line) of (a) PA2223V18.2 (LCST=68 °C), (b) PA2223DM15V16.6 (LCST=40.7 
°C), (c) PA2223DB7.5V15.6 (LCST=39.4 °C) and (d) PA2223DD15V9.3 (LCST=39.5 °C) in 
aqueous PBS (0.1 mM). Polymer concentration = 5 gL-1. 	
a b  
c d 
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light scattering experiments (Figure 3.5). Below the LCST, the PA-drug conjugates are 
fully soluble and do not show evidence of aggregates. Once above the LCST, however, 
the chains collapse allowing substantial π-bond interactions to form between aromatic 
moieties in the hydrophobic drugs causing the formation of large aggregates. Upon 
cooling, it may be difficult to dissociate these aggregated drug moieties, accounting for 










The cloud-point temperature curves for PA-drug conjugates are shown in Figure 3.6. The 
CPT is taken as the midpoint in the transmittance versus temperature curves obtained 
upon heating. It is evident that by incorporating increasing amounts of hydrophobic drug 
into the polymer chain, there is a systematic decrease in CPT. One can then infer that the 
addition of a third hydrophobic or hydrophilic component into the reaction mixture can 
essentially serve to alter the CPT. This strategy can prove valuable, especially in cases 
	
Figure 3.5: Temperature dependent dynamic light scattering of PA2223DD20V6.9 (heating at 1 
°C/min) in aqueous PBS (0.1 mM). Polymer concentration = 5 gL-1.  
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where monomers that consist of the appropriate 𝑛!, 𝑚!, 𝑛!, and 𝑚! ratios are unavailable 
for the use of the strategy described in Chapter 1 for the tuning of the CPT. As expected, 
CPT and hence LCST temperatures decrease systematically with an increase in the drug 
concentration for all three drugs studied (Figure 3.7). The LCST of PA-drug conjugates 





Figure 3.6: Temperature induced phase transitions (heating only) for main-chain PA-drug conjugates 
prepared from (a) MHQ (5, 10, 15, 20, 25, 30 and 40% from right to left), (b) BIS-A (5, 7.5, 10, 15, 
20 and 30% from right to left) and (c) DES (5, 10, 15, 20, 30 and 40% from right to left) with 
increasing drug loading in aqueous PBS (0.1 mM). 	
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The TLCST at constant drug content could also be tuned by adjusting the ijkl indices of the 
base PA (refer to Chapter 1). For biomedical applications, and especially for HTDD, fine-
tuning of TLCST is essential, where the TLCST of the drug-conjugate should be higher than 
physiological body temperature  (37 °C) but less than the temperature in a region of local 
hyperthermia (ca. 42 °C). This requirement is satisfied by all three drug-conjugates, 
specifically; PA2223DM15V16.6 (LCST=40.7°C), PA2223DB7.5V15.6 (LCST=39.4 °C) of 
and PA2223DD15V9.3 (LCST=39.5 °C). For in vivo applications, it is optimal if the TLCST 
is not sensitive to environmental changes in polymer and/or salt concentration. We have 
therefore confirmed that the TLCST for PA-drug conjugates do not depend strongly on 
either polymer or the salt concentration, as shown in Figure 3.8. The first result indicates 
that the phase diagram for the PA-drug conjugates must be rather flat at the bottom. Such 
behavior is not uncommon for polymers with a low molecular weight and relatively 
	
Figure 3.7: Variation of LCST temperatures of PA2223-drug conjugates with increasing drug 
loading for MHQ (triangle), BIS-A (circle) and DES (square).  
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broad molecular weight distribution (i.e., Mw/Mn = 2 in the present case), for which 
apparent double critical points have even been observed31.   
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Figure 3.8: Variation of LCST temperatures of PA2223DM20V16.2 with (a) polymer concentration 
and (b) salt concentration (polymer concentration = 5 gL-1) 
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3.2.5. Degradation of Main-Chain Polyacetal-Drug Conjugates and Free 
Drug Release 
 
As described in Chapter 1, polyacetals undergo acid hydrolysis under mildly 
acidic conditions (Scheme 3.2). The degradation product consists of reaction diol(s) and 
vinyl ether end groups converted into diols and acetaldehyde. 
 
Similar behavior can be expected of PA-drug conjugates. The degradation rates of main-
chain PA-drug conjugates were first characterized by determining the average molecular 
weight as a function of degradation time by GPC measurements, as shown in Figure 3.9 
for PA2223DD15V9.3 for 72 hours. The average molecular weight decreases by about 12, 
34, 50 and 73% at pH 7.4, 6.5, 6 and 5, respectively after three days indicating that the 
conjugates are relatively stable under physiological pH, but degrade rapidly at low pH.  
 
The manner in which free drug is released during degradation differs fundamentally for 
pendent-chain polymer-drug conjugates and main-chain polymer-drug conjugates. In 
pendent-chain polymer-drug conjugates, the rate of drug release is directly correlated to 
the degradation rate of the pendant linkage and is essentially independent of the nature 
and size of the polymer backbone. In main-chain polymer-drug conjugates on the other 
hand, the release of free drug is governed by degradation of specific molecular linkages 




Figure 3.9: Degradation of PA-based polymer therapeutic (PA2223DD15V9.3) at 37 °C under 
different pH; pH 7.4 (circle), pH 6.5 (triangle), pH 6.0 (diamond), pH 5.0 (square), pH 3.0 
(inverted triangle). Polymer conc. 5 gL-1. Concentration of phosphate buffer solution=0.1 M. The 
result is based on GPC analysis. 
O V22 O O H23 O O V22 O O Dx O O V22 Ox y z
Acid Hydrolysis (H3O+)
H23 OHHODxHO OHV22 OHHO CH3CHO
Scheme 3.2: Degradation products of main-chain PA-drug conjugates 
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For main-chain PA-drug conjugates, free drug is formed only when acetal groups on both 
ends of a drug monomer degrade. While the decrease in average molecular weight of 
conjugates as a function of degradation time does reflect the degradation rate, it does not 
directly convey the rate of release of free drugs. In fact, the drug release rate should 
theoretically depend inversely on the initial molecular weight. At short degradation times, 
the majority of drug should remain incorporated within polymer chains, while free drug 
should be released more rapidly towards the end of degradation.  
 
 
For this reason, a technique was developed for direct measurement of the amount of free 
drug released that is independent of the overall molecular weight. We explored the fact 
 
 
Figure 3.10: GPC analysis of DES content for a PA2223DD10V12.9 reaction time (20h). Mass 
fraction = (area of free DES peak)/(area of main peak) x (total reactant DES added). 	
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that DES (and not other diols or divinyl ethers) could be detected as an independent UV 
signal in the GPC trace at a specific retention volume allowing for quantitative 
determination of the DES concentration as a function of degradation times (Figure 3.10). 
Unfortunately, this method was not successful for MHQ and BIS-A because of their low 
UV response. A calibration curve was constructed by comparing the concentration of 
DES with the area/intensity of the GPC peak between elusion-time 19.5-20.5 minutes, 
which corresponded to pure DES peak. The peak area was calculated in Microsoft Excel 
using an algorithm developed in collaboration with P. Leophairatana that applies a quartic 
polynomial fit to the GPC calibration of polystyrene standards. The raw GPC signal is 
first converted to a weight distribution and subsequently to a number distribution. The 
resulting calibration curve and its linear curve fitting is shown in Figure 3.11. 
 
 
Figure 3.11: GPC calibration curve for DES as function of concentration for quantitative 




The DES drug release profiles for PA2223DD15V9.3 determined using the calibration 
curve are shown in Figure 3.12. After three days of incubation in buffer, the total amount 
of drug released was about 1, 2.5, and 20% at pH 7.4, 6 and 5, respectively. The drug 
release rate is much slower than the rate of change of the molecular weight, as expected 
from the degradation mechanism. In principle, the rate of free drug release can be 
calculated directly from the rate of change of molecular weight if the overall molecular 
weight distribution and degradation rate of acetal linkages are known. From theoretical 
considerations, it should also be possible to control, to some extent, the free drug release 
rate by altering the average molecular weight and molecular weight distribution. Control 
of this nature is not possible with pendant-chain polymer-drug conjugates. Finally, short 
drug conjugates formed during degradation, for example, where a drug molecule is 
attached to say, one V or H monomer, might also exhibit some level of drug activity, but 
the concentration of any length of drug conjugate can be calculated from a knowledge of 
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Figure 3.12: (a) Evidence of pristine drug release based on GPC study and (b) drug release rate 
(calculated as a percentage of total drug conjugated, based on GPC analysis) during the 
degradation of PA2223DD15V9.3 at 37 oC under pH 5 (circle), pH 6 (diamond) and pH 7.4 (triangle). 







Tri(ethylene glycol) divinyl ether (V22), tetraethylene glycol (H23), 
methylhydroquione (MHQ), bisphenol-A (BIS-A), diethylstilbestrol (DES), 
tetrahydrofuran (THF) anhydrous, ethyl acetate (EtOAc, HPLC grade), acetonitrile 
(HPLC grade) and dichloromethane (DCM), anhydrous, triethylamine (Et3N), potassium 
carbonate (K2CO3), sodium sulfate (Na2SO4), chloroform-d (CDCl3) and  pyridinium p-
toluenesulfonate (PPTS) were purchased from Sigma-Aldrich and are used as received 
without further purification. 
 
3.3.2. Synthesis and Characterization of Main-Chain Polyacetal-Drug 
Conjugates 		
Main-chain PA-drug conjugates were synthesized by step growth polymerization 
of divinyl ether with diols. A mixture of tetraethylene glycol (H23) and drug-diol (Dx) (DM 
= MHQ, DB = BIS-A, DD= DES) was used for the reaction and the mixture was 
represented as mixed diols (V22+H23). All the polymerization reactions were performed 
(on a 10 mmol scale) at room temperature (in a water bath, since the reaction is 
exothermic) under N2 atmosphere in scintillation vial equipped with a rubber septum. 
Tri(ethylene glycol) divinyl ether (V22)  and mixed-diols (with different ratio of H23 and 
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Dx) in stoichiometric imbalance (ratio of mixed-diols to V22=1:1.05 mol/mol) were 
allowed to react in presence of an acid catalyst, PPTS (0.05 equiv.), in anhydrous THF (2 
mL) to produce a polymer where three monomers (V22, H23 and Dx) are linked by pH 
degradable acetal-linkages. To study the reaction kinetics, an aliquot of reaction mixture 
was withdrawn at specific time intervals, diluted with a mixture of THF and triethylamine 
(Et3N) (95:5 (v/v), respectively) followed by filtration through a 0.2 µm PTFE syringe 
filter and characterization by GPC to check the extent of reaction, experimental degree of 
polymerization (DPexpt) and molecular weight (Mnexpt) at specific reaction times. For bulk 
polymer synthesis, the reaction was stopped after a predetermined time (depending on the 
type of drug and its amount, see Figure 3.2) by addition of 1 mL Et3N. The mixture was 
then extracted with ethyl acetate (EtOAc, 40 mL) and washed three times with dilute 
aqueous solutions of potassium carbonate (K2CO3). At each time, the aqueous part was 
saturated by adding excess sodium chloride, NaCl. The organic part was dried over 
anhydrous sodium sulfate (Na2SO4) and passed through a short basic-Al2O3 column. The 
polymer was finally isolated by removing solvent by rotary evaporation followed by 
drying under vacuum at room temperature for 48 h. All polymers were stored below 10 
°C.   
 
3.3.3. GPC Analysis  	
All polymers were thoroughly analyzed by GPC. Solutions for GPC analysis were 
prepared by dissolving the polymer in THF followed by filtration through a 0.2 µm PTFE 
syringe filter. Solutions were injected manually into the GPC (2 Polymer Laboratories 
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ResiPore columns in a Shimadzu HPLC system: LC-10ATvp pump, CTO-10ACvp 
column oven, SPD-10a UV−vis detector, RID-10A RI detector, SCL-10Avp system 
controller and a Wyatt miniDAWN TREOS static light scattering detector). GPC data was 
calibrated using linear PS standards [EasiVial PSM (2 mL), Varian].  
 
3.3.4. 1H NMR Analysis  
 
The purities and compositions of main-chain PA-drug conjugates were verified by 
1H NMR (Bruker instruments, 400 MHz) in CDCl3. Figure 3.3a-c in Section 3.2.3, 
represent typical 1H NMR spectra of conjugates prepared from MHQ, BIS-A and DES, 
respectively. All the conjugates are vinyl ether-terminated as confirmed by the presence 
of peak at 6.5 ppm in their respective NMR spectrum. This result is expected as we use 
excess vinyl ether in the formulations. 
 
3.3.5. Cloud Point Temperatures   
 
Cloud point temperatures associated with the thermally induced LCST phase 
transition were determined for freshly prepared polymer solutions (aqueous PBS (0.1 
mM), pH 7.4, polymer conc.= 5 gL−1) by turbidity measurements (transmittance mode, 
500 nm) as a function of temperature (cell path length, 10 mm; one heating/cooling cycle 
at rate of 1 °C min−1) using a UV−vis spectrometer (Agilent 8453) equipped with a 
temperature controller (Quantum Northwest, TC1). The cloud point temperatures were 
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taken as the midpoint in the transmittance versus temperature curve obtained upon 
heating. 
 
3.3.6. DES Calibration Curve 
 
A calibration curve was prepared by using the UV signal of DES, which has a 
characteristic UV peak at 19.5-20.5 minutes of elusion time. The peak corresponds purely 
to DES, and not other monomer or degradation products. Therefore, the calibration curve 
can be used to quantitatively determine the concentration of “free” DES present during 
degradation. GPC data was analyzed and the area under the peak was calculated using an 
Excel algorithm prepared in collaboration with P. Leophairatana. The program is able to 
correct for baseline errors and uses UV intensity to calculate area under the peak. Known 
concentrations of pure DES were injected into the GPC to generate sufficient data points 
to obtain a linear regression equation. 
 
3.3.7. Investigation of pH-dependent Degradation and Free Drug Release 
 
The main-chain PA-drug conjugates were rapidly dissolved in cold phosphate 
buffered saline (PBS, 0.1 M) of pH 7.4, pH 6.5, pH 5 and pH 3 (final polymer conc. is 5 
gL-1) and the solutions were stirred at 37 °C (this time is noted as 𝑡 = 0). At various 
times, 2.5 ml of each sample was collected and degradation was stopped by addition of 
excess Et3N. The mixture was then extracted with EtOAc and washed with dilute aqueous 
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solutions of K2CO3. The organic layer was dried over sodium sulfate and solvent was 
subsequently removed by rotary evaporation. Equal amounts of sample were dissolved in 
THF, filtered through a 0.2 µm PTFE syringe filter and GPC analysis was performed to 
obtain the MW at a certain time of degradation. To measure the free drug release rate, we 
calculated the fraction of peak area at a certain degradation time by tracking a peak 
situated between 19.5-20.5 minutes in the GPC curve that is corresponding to the pristine 




In this chapter, we show the synthesis and properties of a new family of main-
chain PA-drug conjugates with a series of highly hydrophobic HIF-1 inhibitors. The 
conjugated HIF-1 inhibitors are water soluble owing to the conjugation chemistry. While 
the conjugates studied are prepared from di-hydroxy-based HIF-1 inhibitors, in principle, 
main-chain conjugates of this nature, can be prepared from any small molecule 
containing two reactive hydroxyl groups, giving access to a variety of uses and 
applications.  
 
The new family of main-chain PA-drug conjugates are temperature-responsive, exhibiting 
lower critical solution temperature behavior that is tunable using two strategies. These 
polymeric carriers remain soluble in water (blood-plasma etc.) at physiological 
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temperature, but aggregate above the target, elevated temperature (41-43°C, for example 
for a hypothermic tumor), providing a mechanism to be preferentially directed to and 
accumulate within hyperthermic regions such as tumors. Temperature transitions may be 
adjusted to conditions of mild hyperthermia either by manipulating one of the four 
structural variables that characterize the system of two amphiphilic vinyl ether and diol 
base monomers, or by adjusting the content of hydrophobic drug incorporated within the 
polymer chain. In the case of drug delivery, the polymeric drug conjugates thereby offer 
mechanisms for both passive targeting due to the “enhanced permeation and retention” 
effect and active thermal targeting.  
 
Main-chain PA-drug conjugates additionally provide a mechanism for controlled release 
within acidic microenvironments such as tumors, as they are subject to acid hydrolysis. 
The degradation products of the main-chain PA-drug conjugates are unusual in several 
aspects. They are neutral species and the drugs are released as pristine molecules without 
molecular remnants of the conjugation chemistry. In addition, the mechanism for drug 
release differs fundamentally from that of side-chain conjugates, which will be explored 
in the next chapter. Whereas the rate of cleavage of conjugation linkages controls the 
drug release rate in side-chain conjugates, the rate of drug release in main-chain 
conjugates is dependent on the rate of polymer backbone degradation. In principle, the 
latter rate is dependent upon polymer molecular weight and its distribution, providing a 




To summarize, we have explored the preparation of PA conjugate from virtually any 
small molecule containing two reactive hydroxyl groups. Many of biologically and 
industrially relevant small molecules contain two reactive moieties and therefore become 
suitable candidates for this conjugation chemistry. However, there are some exceptions. 
Small molecules such as GEM have two hydroxyl groups in their chemical structure, but 
lack the reactivity for conjugation to occur, causing a major limitation. Therefore, in 
Chapter 4, we explore various strategies to conjugates mono- and poly- alcohols onto the 
PA main chain. If successful, an entirely new family of PA-conjugates can be prepared, 
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Step-growth polymerization provides a convenient means to functionalize di-
hydroxy compounds directly onto the polyacetal backbone. Backbone functionalization 
using mono- and poly- hydroxy compounds, on the other hand, warrants further 
investigation. While mono-hydroxy compounds do not participate in step-growth 
polymerization, poly-hydroxy compounds create crosslinks and form gels1,2, scrambling 
the resultant polymer. Yet, a vast majority of industrially relevant molecules contain 
mono- and poly- alcohols in its chemical structure. For example, pharmaceuticals3–6, 
fragrances and flavors7,8, antimicrobials9,10, pesticides11, and adhesives12, all have this 
structure in common. Polyacetals have the potential to improve delivery methods in each 
of these areas. Therefore, it is important academically and industrially that facile 
strategies for functionalization of these compounds into the polyacetal backbone are 
developed. One strategy for post-polymerization functionalization that has proven to be 
simple and efficient is backbone and terminal unsaturated polymer chemistry13–19.   
 
Unsaturated post-polymerization chemistries are used as building blocks to prepare 
materials that have precise, well-defined polymer architectures that carry tailored 
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functional groups. Among these, alkyne-azide (CuAAC and RuAAC20) and thiol-ene21,22 
click chemistries are considered especially relevant because they are able to yield highly 
orthogonal links with near-perfect efficiencies. In previous studies, linear polymers, 
dendrimers, networks, and other polymeric architectures have been prepared with ease 
using CuAAC23. Furthermore, multi-functional cyclic polyesters24, glycopolymers25,26 
and bio-conjugates27 have also been constructed from alkyne-backbone-functional 
polymers using CuAAC and RuAAC. Similar architectures have been prepared using 
thiol-ene chemistry28–32. 
 
Work by the Koberstein group has demonstrated the ability to prepare novel polyacetals 
that are suitable for both chemistries. Internal alkyne and alkene functional polyacetal 
have been prepared through monomer modifications using step-growth polymerization. 
Alkyne, azide and vinyl ether terminated polyacetal (macromonomers) have been 
prepared using techniques discussed in Chapter 5. Collectively, unsaturated PAs 
demonstrate the existence of an LCST phase transition. The TLCST of these systems can 
also be tuned by methods discussed in Chapter 1. Naturally, these polyacetal systems are 
also pH degradable, allowing for pH dependent release of any encapsulated cargo. Due to 
these advantages, we explore strategies for functionalization of unsaturated polyacetal 
using mono- and poly- hydroxy compounds of interest; greatly expanding on the library 
of potential molecules that can be used for drug delivery as well as other applications.   
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Furthermore, strategies to functionalize divinyl ether and internal alkyne terminated PA is 
discussed in this chapter. Divinyl ether termination provides a convenient pathway to 
functionalize existing base-PAs using step-growth polymerization. The simplicity of such 
an approach makes it promising for implementation in a variety of systems, including 
drug delivery. There are however, several limitations to this approach such as difficulties 
in attaining high molecular weights and rapid-degradation of the polymer backbone in 
acidic medium. A second, more robust approach for functionalization of unsaturated 
polyacetals involves the use of click chemistries, allowing for efficient and reliable routes 
toward post-polymerization modifications33–36. Both strategies are presented in depth in 
this chapter.  
4.2. Results and Discussion 	
4.2.1. Approach I: End Functional Polyacetal 
 
End-functional polyacetal was prepared using a molar excess of vinyl ether 
monomers and end-capped with 2-phenylethanol (2-PE), a small molecule mono-alcohol, 
during step-growth polymerization. The reaction proceeds as standard step-growth 
polymerization, however the growth of the polymer chain is fully terminated when both 
ends are capped with the 2-PE group. Similar end-capping methods have been utilized 
extensively to prepare hyper-branched polyurethanes37,38 with blocked isocyanate 
monomers and in a variety of other polymer synthesis procedures in, PDMS39, PnBA40, 
and PEO41.  
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4.2.1.1. One-Pot Synthesis of Low Molecular Weight, End-Functional Polyacetal 
 
Divinyl ether terminated polyacetals were end-functionalized with capping group, 
2-PE, during polymerization (Scheme 4.1). 2-phenylethanol is an important flavor and 
fragrance compound with a rose-like odor and simple chemical structure42. End-capping 
methods during polymerization have been previously used as a method to enhance 
polymer properties and aid in polymer processing. For example, imide oligomers end-
capped with phenylethynylphthalic anhydrides were shown to give better solvent 
resistance, improved adhesive and composite properties43. Similarly, end-capped 
poly(arylene ether benzimidazoles) with ether benzimidazole, ethynyl or phenylethynyl 
groups improved solvent resistance and raised the glass transition temperature of the bulk 
material44. In the case of polyacetal, end-capping is expected to increase the bulk 





1                 :                       1.001
THF/PPTS
H23 OHHO
2-PE Diol Divinyl Ether
OH
V22 O O H23 O O V22 O O H23 O O V22 Ox y z
OO O
Scheme 4.1: Synthesis of end-functional PA using step growth polymerization 
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Table 4.1, shows the reaction details for six 2-PE end-functional polyacetal. With 
increasing 2-PE, the resulting polymer molecular weight drops sharply, allowing for the 
decrease in the molecular-weight/end-group ratio and thus increasing the effective 
functionality. Theoretical molecular weights for this system was calculated using the 
Carothers equation modified to include mono-functional end-groups2,45,46 (discussed in 
Chapter 2). Results show that the experimental molecular weights correlate well with the 
theoretical model. The nomenclature adopted to describe the end functional polyacetal is 
PAijklD2PEpEM, where PA refers to polyacetal, the indices ijkl describe the structure of 
the base polyacetal monomers, D2PE donates the capping group, p the percentage of end-
group of the total diol and E denotes the end group that was replaced by the 2-PE capping 
group, either V for vinyl ether or H for hydroxyl, and M indicates the molecular weight in 
kiloDaltons. 
 
Table 4.1: Synthesis table for end functional PA-2PE. aassuming 100% conversion and molar excess ratio 
1/1.001 (i.e. 𝑟 =  0.999001).  
 
 



















PA2223D2PE5V7.6	 5%	 95%	 100%	 7.70	 7.62	 13.86	 1.82	
PA2223D2PE10V5.7	 10%	 90%	 100%	 3.89	 5.70	 10.35	 1.82	
PA2223D2PE15V4.4	 15%	 85%	 100%	 2.60	 4.38	 7.50	 1.71	
PA2223D2PE20V3.5	 20%	 20%	 100%	 1.95	 3.48	 5.64	 1.62	
PA2223D2PE25V1.5	 25%	 25%	 100%	 1.71	 1.49	 3.47	 2.32	
PA2223D2PE30V1.2	 30%	 30%	 100%	 1.47	 1.24	 2.74	 2.21		
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4.2.1.2. Temperature Response of End-Functional Polyacetal 
 
Figure 4.1, shows the UV/Vis cloud point temperature (CPT) curves for 2-PE 
end-functional polyacetal with increasing 2-PE monomer concentration. End-functional 
polyacetals continue to exhibit the previously observed LCST phase behavior, forming 
clear solutions at lower temperatures becoming cloudy at temperatures in excess of the 
LCST. The capping group 2-PE is hydrophobic, resulting in weak water solubility. 
Therefore, it is expected that as the percentage of 2-PE introduced is increased, there is a 
commensurate inversely proportional effect on the LCST. Figure 4.1 show that the phase 
transition upon heating is sharp at lower 2-PE content. However, as the 2-PE content 
increases and the ratio of end-group to molecular weight increases, a broadening of the 
transition can be observed. Similarly, during cooling, increasing hysteresis is observed 
when going from 5%-10% 2-PE. These effects can be attributed to the disruption of the 
hydrophilic-hydrophobic balance due the presence of a highly hydrophobic end group at 
low molecular weights. Interestingly, the cloud point of PA2223D2PE5V7.6 (Figure 4.1a) is 
approximately 2oC higher than PA2223V18.2, the base-polyacetals prepared in Chapter 1. 
This suggests that the molecular weight and ratio end-group to molecular weight have 
contributing effects on the CPT of the resulting bulk material. In future work, TLCST for 
higher 2-PE percent loaded end-functional polyacetal will be examined to analyze for 








Figure 4.1: Cloud point measurements for 2-PE end-functional polyacetals with (a) 5% 2-PE 




4.2.1.3. Degradation Properties of End-Functional Polyacetal 		
 As expected, end-functional PAs undergo acid hydrolysis under acidic conditions 
(Scheme 4.2). The degradation products consist of the constituent diols originating from 
the polymer backbone and the pristine 2-PE molecule, together with acetaldehyde. The 
degradation rates of end-functional PAs were characterized by determining the average 
molecular weight as a function of degradation time by GPC measurements, as shown in 
Figure 4.2a for PA2223D2PE10V5.7 for 12 hours indicating that low molecular weight PA 
are relatively stable under physiological pH, but degrade at lower pH. In this preliminary 
study, we examined degradation rates at pH 7.4 and pH 6.5. 
 
Scheme 4.2: Degradation products of 2-PE end-functional polyacetal 
Acid Hydrolysis (H3O+)
H23HO OHV22 OHHO CH3CHO
OH
V22 O O H23 O O V22 O O H23 O O V22 Ox y z
OO O
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pendent end-groups have equal probability of cleavage during acid hydrolysis, resulting 
		
		
Figure 4.2: (a) Degradation of 2-PE end-functional polyacetal (PA2223D2PE10V5.7) at 37 °C 
under pH 7.4 (circle) and pH 6.5 (triangle). Polymer conc. 5 gL-1. Concentration of phosphate 
buffer solution=0.1 M. The result is based on molecular weight determined by GPC analysis 
and (b) qualitaative 2-PE release rate - calculated as a percentage of total drug conjugated, 





The manner in which 2-PE is released during degradation differs fundamentally for end-
chain functional PA from the case of main-chain polymer-drug conjugates. The pendent 
end-groups have equal probability of cleavage during acid hydrolysis, resulting in higher 
percentages of payload (2-PE) being released during the initial hours of degradation. 
Therefore, the decrease of average molecular weight is a good indicator of the amount of 
the 2-PE released in this system. Furthermore, we have qualitatively determined the 
amount of 2-PE released during the degradation at pH 6.5 (Figure 4.2b), which shows 
that a majority of the payload is released at the onset of degradation. Further analysis of 
the 2-PE release rates is performed later in this chapter.  
 
4.2.2. Approach II: Unsaturated Polyacetal (Pendent-Chain Conjugates) 	
Internal alkene and alkyne functional polyacetals were prepared using similar 
techniques used to synthesize polyacetal-drug conjugates in Chapter 3 (Scheme 3.1). For 
simplicity, we discuss only properties and procedures relating to internal-alkyne 
polyacetals in this Chapter. Nevertheless, similar procedures can be followed for 
terminal-alkyne PA as well as internal-alkene systems.  
 
4.2.2.1. Synthesis and Characterization of Internal Alkyne-PA 
 
Internal alkyne functional PA was synthesized using step-growth polymerization 
of mixed diols (2-butyne-1,4-diol and H23) and V22 of various ratios (Scheme 4.3 & Table 
4.2) in acid catalyzed conditions. The temperature response of the resulting alkyne-PA 
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was determined in accordance to the ratios used. The results (Table 4.2) show that the 
TLCST of the resulting alkyne-PA can be tuned with remarkable precision, by changing the 
2-butyne-1,4-diol/H23 ratio. During the rest of the chapter alkyne-PA is denoted 
PAijklDalkpEM, where PA refers to polyacetal, the indices ijkl describe the structure of the 
monomers, Dalk donates the capping group, p the percentage of 2-butyne-1,4-diol of the 
total diol and E denotes the end group that was replaced by the capping group, either V 





The alkyne-PA was further characterized using 1H NMR (Figure 4.3) and FTIR (Figure 
4.4) for quantitative determination of the purity. 1H NMR shows the existence of two 
proton peaks 𝛿 (4.18, 4.73), which correspond to the alkyne protons. Furthermore, FTIR 
V22 OO
(100-x)%x%
1                 :                       1.05
THF/PPTS
O V22 O O H23 O O V22 O O O O V22 O
m n z
H3O+ (acid hydrolysis)
H23 OHHO V22 OHHO CH3CHO
HO OH H23 OHHO
Alkyne Diol Diol Divinyl Ether
HO OH
Scheme 4.3: Synthesis strategy and degradation products for alkyne-PA 
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spectroscopy confirms the presence of the internal alkyne with the existence of a peak at 





Table 4.2: Synthesis characteristics and LCST for alkyne-PA, aassuming 100% conversion 
and molar excess ratio 1/1.05  	
	 Reactant	Composition	 	




PA2223V18.2	 0%	 0%	 100%	 100%	 84.2	
PA2223Dalky20V	 20%	 -	 80%	 100%	 65.8	
PA2223Dalky40V	 40%	 -	 60%	 100%	 52.1	
PA2223Dalky60V	 60%	 -	 40%	 100%	 37.9	
PA2223Dalky80V	 80%	 -	 20%	 100%	 23.4	
PA2223Dalky100V	 100%	 -	 0%	 100%	 7.1	
PA2223Dalke20V	 -	 20%	 80%	 100%	 73.4	
PA2223Dalke40V	 -	 40%	 60%	 100%	 63.0	
PA2223Dalke60V	 -	 60%	 40%	 100%	 54.7	
PA2223Dalke80V	 -	 80%	 20%	 100%	 43.3	
PA2223Dalke100V	 -	 100%	 0%	 100%	 35.0	
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Figure 4.4: FTIR characterization of PA2223Dalky20V15.0 
 
Figure 4.3: 1H NMR characterization of PA2223Dalky20V15.0 




















4.2.2.2. Preparation of Side-Chain Conjugates by Internal Alkyne Click Reaction 
 
We explore synthesis strategies that would take into account, the pH sensitivity of 
the acetal moiety. Heterobifunctional linkers that have compatible chemistries, such as 
clickable N3, can be used to tether compounds of interest directly on to the polyacetal 
backbone using the click reaction. Click chemistry is employed in lieu of other 
compatible chemistries because of its advantages such as high efficiency and 
orthogonality. There are, however, other chemistries that can be utilized such as, acetal47, 
amide48, NHS-ester amide49 (especially for antibody immobilization), hydrazone50 
(typically for conjugation of glycoproteins), and thioether51,52. In this section, we explore 
thoroughly, the click and acetal chemistries for functionalization of alkyne polyacetal. 
 
4.2.2.3. Synthesis of Heterobifunctional Linker (AVE-L-0) for Click-Chemistry 	
 
The sequential order in which various chemistries are performed, significantly 
affects stability of PA, owing to its pH sensitivity. One approach considered for PA side-
chain functionalization is the sequential one-pot ruthenium catalyzed alkyne azide 
cycloaddition (RuAAC) reaction using primary alkyl halides53. Since organic azides are 
considered highly energetic and on occasion, even explosive54, the in-situ generation of 
an alkyl azide suitable for RuAAC was considered in this scheme (Scheme 4.4). In the 
first step of the sequence, TMS-N3 was reacted with 2-chloroethyl vinyl ether. Activated 
systems such as chloro- and bromo- can readily undergo nucleophilic substitution 
reaction with stable azides to afford an azide functional vinyl ether linker that is desired. 
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The alkyne-PA (PA2223Dalky20V15.0) was then added to the same pot to begin RuAAC. 
This sequential process was adapted to prevent the [Cp*RuCl] catalyst deactivation 
reported by Fokin et al55. The stability of the alkyne-PA polymer was monitored using 
GPC. Results showed that the polymer degraded rapidly upon commencement of the 
click reaction. A possible explanation for this degradation behavior is reactivity of the 
excess activated species Br- and Cl-, which could attack the acetal linkage. Therefore, 




Cp*RuCl(PPh3)2 25oC, 12 hours
(CH3)3SiN3, TBAF
50oC, 24 hours
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Scheme 4.4: Sequential one-pot ruthenium catalysed alkyne azide cycloaddition (RuAAC) 




After several unsuccessful attempts, this approach was abandoned and another, stepwise 
approach was considered in order to protect the acetal linker from reactive intermediates 
originating from the reactions leading up to the click reaction. In the new approach 
di(ethylene glycol) vinyl ether was converted to (2-azidoethoxy)ethyl vinyl ether 
according to Scheme 4.5. Hydroxyls (-OH) act as extremely poor leaving groups 
attributing to their strong basicity. In order to exchange the weak hydroxyl leaving group 




O O OH O O N3
Scheme 4.5: Preparation of heterobifunctional linker AVE-L-0. In this scheme, di(ethylene 
glycol) vinyl ether (left) is converted to (2-azidoethoxy)ethyl vinyl ether (right) 
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Hydroxyl groups can be subject to halide substitution with alkyl halides from the 
respective halide vinyl ether. Furthermore, hydroxyls can be converted to its oxonium ion 
using acid. Both halide and oxonium ion can then be easily displaced using a nucleophile. 
However, since the acetal moiety is sensitive to reactive halides and acids, these 
approaches were not considered. Lastly, hydroxyl groups can be converted to its alkyl 
sulfonte using tosyl chloride (OTs) or mesyl chloride. Sulfonates act as excellent leaving 
groups and are easy to handle. Therefore, this approach was selected for azide 





Figure 4.5 shows the 1H NMR spectra for each step of the reaction scheme. The 
tosylation of primary alcohols (step (a) in Scheme 4.6) can be achieved in a non-polar 
solvent such as DCM under basic conditions. A byproduct of this reaction is HCl in its 
gaseous form (which is removed additionally through washing procedures). Therefore, to 
prevent any degradation of the acetal moiety, it is imperative that this reaction be 
conducted prior to attachment of the polyacetal. 1H NMR confirms the attachment of the 
OTs group by quantitative peaks appearing at 𝛿 (7.79, 7.35, 7.26 & 2.44), which is 
indicative of the benzene group of OTs.  
O O OH O O OTs O O N3
a b
Scheme 4.6: Proposed two-step reaction pathway for conversion of di(ethylene glycol) vinyl 







































The azide substitution reaction (step (b) in Scheme 4.6) can be carried out using NaN3 in 
DMF at 60oC. Figure 4.5c shows the disappearance of the OTs benzene NMR peaks, 
which suggest that the OTs leaving group is removed entirely in the substitution reaction. 
Additionally, the presence of the quantitative peak at 𝛿 (6.41) indicates the presence of 
the vinyl ether end group (confirmed additionally by FTIR). It is difficult to 
quantitatively determine the presence of the N3 end group using 1H NMR. The presence 
of the N3 functionality in the linker was confirmed using FTIR spectroscopy (Figure 4.6) 
which shows the presence of a characteristic N=N=N stretching at 2140 cm-1. The final 
Figure 4.5: 1H NMR spectra for (a) di(ethylene glycol) vinyl ether (purchased from 
SigmaAldrich), (b)  2-(2-(vinyloxy)ethoxy)ethyl 4-methylbenzenesulfonate intermediate, 
















linker AVE-L-0 can be obtained after purification and column chromatography. Figure 
4.5c shows the quantitative 1H NMR spectrum of the linker AVE-L-0. 	
		
The successful synthesis of linker AVE-L-0 is an important segment of the reaction 
scheme. The heterobifunctional linker has 1) clickable azide functionality, and 2) vinyl 
ether functionality, which can be used in acetal formation. We then explore two reaction 
schemes outlined in Scheme 4.7. The acetal modification (reaction of the vinyl ether end 
group) conducted before the click reaction allows for the polymer to carry a specific 
payload throughout the backbone of the polymer. Similarly, acetal modification 
conducted post-click reaction results in a polymer that has functional vinyl ether groups 
in its backbone. The vinyl ether functional group can be further reacted with a host of 
compounds including, alcohols56, thiols57 and unsaturated aldehydes and ketones58. We 
	
Figure 4.6: FTIR spectrum of heterobifunctional linker AVE-L-0 
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explored both pre- and post- modification pathways in our study, keeping in mind the 
stability of the PA. 
 
4.2.2.4. Internal Alkyne Click Reaction of Polyacetal with Linker AVE-L-0 and 
AVE-L-1 
 
 Scheme 4.7, shows the click reaction carried out with alkyne polyacetal 
(PA2223Dalky20V15.0) under RuAAC conditions. The linker can be clicked on before 
(Scheme 4.7b) or after (Scheme 4.7a) end-group functionalization of the linker. However, 
we hypothesize that there would be higher stability when using the pre-functionalization 
route due to the sensitivity of the acetal linkage. In this strategy, the payload (2-PE) is 
reacted with the heterobifunctional linker resulting in an acetal linkage between the linker 
and the payload. The pH degradation of the acetal-linkage allows for payload release as 



























Scheme 4.7: (a) Linker AVE-L-0 “clicked” onto alkyne-PA to produce side-chain vinyl ether 
functional PA, (b) linker AVE-L-0 is reacted with 2-PE to give linker AVE-L-1, which is 
“clicked” onto alkyne-PA. Backbone acetal is denoted A1 and pendent acetal is denoted A2 
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Figure 4.7: Stability of the side-chain functional PA after click reaction with (a) AVE-L-0 and 
(b) AVE-L-1 
The resulting polyacetals show stability before and after the click reaction (Figure 4.7), 
which can be attributed to the absence of the acidic and other reactive intermediates that 
attack the acetal linkage. It has been shown that the acetal linkage is sensitive to 
nucleophiles such as –OH and hydrolyzes the product back to the entropically favorable 
hemicatal59. Preliminary analysis shows that the current approach protects the acetal 






To illustrate the versatility of this process, two click products have been prepared using 
the routes (a) and (b) in Scheme 4.7. The click reactions for both routes were followed 
closely with 1H NMR spectroscopy, which is used to determine that the functionalization 
was successful (Figure 4.8). It can be seen clearly in Figure 4.8b, that the benzene group 
is successfully tethered onto the polymer chain with the quantitative peak h at 𝛿 (6.4). 
Due to the difficulties in characterizing polymer chains using 1H NMR, higher resolution 
spectra were not available to us during this preliminary study. We leave this 





























































Figure 4.8: 1H NMR spectrum for click reaction product from reaction between (a) AVE-L-0 




4.2.2.5. Temperature Response of Polyacetal Pendent-Chain Conjugates 	
The cloud point temperature of polyacetal side-chain conjugates was determined 
by UV/Vis spectroscopy. The resulting spectrum for heating and cooling cycles is shown 
in Figure 4.9. The phase transition observed is more gradual than in PA main-chain 
conjugates and end-functional PA, occurring at range of 7-8oC. A possible explanation 
for this behavior is the bulkiness and the flexibility of pendent groups. As the polymer 
undergoes the phase transition from expanded state to the collapsed state, the C-C 
interactions between phenyl rings is thought to have a repulsive effect, counteracting the 
phase transition. Therefore, the system requires higher energy to overcome this repulsive 
effect. Similarly, as the polymer goes in the reverse direction during cooling, the π-π 
interactions become significant, preventing the polymer from attaining its coiled state. 
Therefore, significant hysteresis is also observed at heating and cooling rates of 1oC/min.  
 
Figure 4.9: Cloud point temperature curve for PA2223Dalky20V15.0 
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The CPT of PA2223Dalky20V15.0 prior to the click reaction was 66.21oC. By the 
introduction of the 20% of 2-PE linker using the click reaction, the cloud point 
temperature shifts to 44.58oC, which is a drop of 21.63oC. We hypothesize that this effect 
will be further augmented for higher percentage pendent group loadings. Additionally, 
for biological applications, we attempt to tune the cloud point temperature to ~37oC. This 
temperature can be achieved by either, using an initial alkyne-PA with higher alkyne 
percentage, or by modifications to the underlying ethylene oxide and methylene 
monomers used to synthesize alkyne-PA. Utilizing either method would be rather 
straightforward to prepare a side-chain conjugate that can be used readily with biological 
systems.   
 
4.2.2.6. Degradation Properties of Polyacetal Pendent-Chain Conjugates 	
  
Polyacetal Pendent-chain conjugates release their functional cargo in acidic 
medium. As opposed to main-chain conjugates, pendent-chain conjugates have two 
degradable moieties in their chemical structure; 1) acetal links in the main polyacetal 
chain (A1), and 2) acetal links connecting the functional cargo (A2) (shown in Scheme 
4.7). Both A1 and A2 have identical acetal chemistry and undergo acid hydrolysis using 
the same mechanism. The degradation behavior of A1 can be quantitatively determined 
by GPC (Figure 4.10). As in the case of main-chain conjugates, ~40% and ~80% of A1 
links undergo acid hydrolysis in the first 72 hours in pH 6.5 and pH 5.0, respectively. At 
pH 3.0, complete polymer degradation can be seen within the first 10 hours. Lastly, little 
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to no degradation is seen up to 144 hours (beyond 72 hours not shown) at pH 7.4, 
indicating that the pendent-chain conjugates remain stable at these pH conditions.  
For main-chain conjugates introduced in Chapter 3, the functional payload (or drug) is 
released when the polymer degrades into its oligomers and finally to its constituent 
monomers. This was only possible when the acetal group on either end of functional 
group was degraded, recovering the pristine functional payload. Because the probability 
of liberating a pristine functional group at the beginning of the degradation cycle is low 
but increases as the degradation proceeds, a majority of the pristine functional payloads 
are expected to liberate at the end of the degradation cycle (see Figure 3.12b). In contrast, 
pendent-chain conjugates release its payload at the onset of the degradation cycle. The 
payloads in side-chain conjugates are attached by a single acetal linkage to the backbone 
	
Figure 4.10: pH dependent degradation profiles for 2-PE side-chain conjugates prepared from 
PA2223Dalky20V15.0 at pH 4.7 (circles), 6.5 (triangles) and 5.0 (squares). Degradations are 
performed in 0.1M phosphate buffers at 5 gL-1 concentrations  
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of polyacetal via a special linker molecule. During acid hydrolysis, all pendent acetal 
groups have equal probability of being cleaved. Therefore, we expect an initial burst of 
pristine functional payload at the onset with a gradual tail-off towards the end of the 
degradation cycle. To quantitatively determine the pristine 2-PE released, a calibration 
curved was prepared (Figure 4.11). Indeed, this mechanism was observed in the 2-PE 
release during degradation shown in Figure 4.12. At pH 5.0, ~88% of the pristine 
functional group is liberated in the initial 4-5 hours, followed by a gradual increase in 
functional groups released. Therefore, pendent-chain conjugates can be conveniently 
utilized for applications where an initial burst of functionality is required. 		
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Figure 4.12:  Pristine 2-PE release rates at pH 7.4 (triangle), 6.5 (square) and 5.0 (circle) 
	
Figure 4.11: The GPC calibration curve for 2-PE as a function of the area under the 
quantitative 2-PE peak. 
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4.3. Materials and Methods 
 
4.3.1. Materials 	
Tri(ethylene glycol) divinyl ether (V22), tetraethylene glycol (H23),	 di(ethylene 
glycol) vinyl ether,	p-toluenesulfonyl chloride (OTs),	2-Phenylethanol (2-PE), 2-Butyne-
1,4-diol,  sodium azide (NaN3), tetrahydrofuran (THF) anhydrous, ethyl acetate (EtOAc, 
HPLC grade), acetonitrile (HPLC grade) and dichloromethane (DCM)-anhydrous, 
dimethylformamide (DMF), diethyl ether (DEE), triethylamine (Et3N), potassium 
carbonate (K2CO3), sodium sulfate (Na2SO4), chloroform-d (CDCl3), 
chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (Cp*RuCl-COD) and 
pyridinium p-toluenesulfonate (PPTS) were purchased from Sigma-Aldrich and are used 
as received without further purification. 
 
4.3.2. Synthesis of End-Functional Polyacetal 	
 
End-functional polyacetal were synthesized by step growth polymerization of 
divinyl ether with diols using a mix diol strategy. A mixture of tetraethylene glycol (H23) 
and 2-PE was used for the reaction and the mixture was represented as mixed diols (2-
PE+H23). All the polymerization reactions were performed on a 10 mmol scale at room 
temperature under N2 atmosphere in a scintillation vial equipped with a rubber septum. In 
brief, tri(ethylene glycol) divinyl ether (V22) and mixed-diols (with different ratio of 
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H23:2-PE) in stoichiometric imbalance (ratio of mixed-diols to V22=1:1.001 mol/mol) 
were allowed to react in the presence of an acid catalyst, PPTS (0.05 equiv.) in anhydrous 
DCM (2 mL) to produce a polymer, where the H23 and V22 are linked by acetal-linkages 
and end-capped by 2-PE. The end-capping terminates the extension of the chain. 
Therefore, higher the percentage of 2-PE in the mixed diol, lower the expected molecular 
weight. All polymerization reactions were performed according to the ratios in Table 4.1 
for 4 hours under continuous stirring conditions. After the completion of the reaction, the 
acid catalyst was neutralized using triethylamine (Et3N) (95:5 (v/v)) followed by 
filtration through a 0.2 µm PTFE syringe filter and characterization by GPC to determine 
the experimental degree of polymerization (DPexpt), and molecular weight (Mnexpt). The 
theoretical molecular weight (Mntheo) was calculated using the modified Carother’s 
equation (see Chapter 2).  
 
The mixture was then extracted with ethyl acetate (EtOAc, 40 mL) and washed three 
times with dilute aqueous solutions of potassium carbonate (K2CO3). At each washing 
step, the aqueous layer was saturated by adding excess sodium chloride. The organic part 
was dried over anhydrous sodium sulfate (Na2SO4) and passed through a short basic-
Al2O3 column. The polymer was finally isolated by removal of solvent by rotary 
evaporation followed by drying under vacuum at room temperature for 48 h. All 





4.3.3. Synthesis of AVE-L-0 Linker 	
The synthesis of the AVE-L-0 linker was carried in two steps as follows: 
 
2-(2-(vinyloxy)ethoxy)ethyl tosylate (P1, Scheme 4.6: step a): Triethylamine 
(17 mL, 120 mmol) and p-toluenesulfonyl chloride (13.87 g, 72 mmol) were added to a 
solution of di(ethylene glycol) vinyl ether (8.09 g, 60 mmol) in dichloromethane (100 
mL) and stirred for 18 hours at room temperature. Excess OTs was removed using 
vacuum filtration. The solvent and amine remaining in the supernatant were removed by 
rotary evaporation; the residue was re-dissolved in DCM, washed with brine three times, 
dried over anhydrous sodium sulfate, concentrated under reduced pressure by rotary 
evaporation and dried under high vacuum for 24 hours. The product was purified by 
column chromatography.  
 
The column consisted of a packed bed of SiO2 and mobile phase of hexane. Starting with 
100% hexane, a hexane: ethyl acetate gradient was used, changing concentration by 10% 
for every 100 ml. Preliminary identification of the elution product was done by standard 
SiO2 thin-later chromatography (TLC) plate method. At 100% hexane, the excess p-tosyl 
chloride is eluted as the first product. Product P1 is eluted shortly after the first product. 
Product P1 was collected in its entirety until no further product was observed in the TLC 
plate. The solvent was evaporated using rotary evaporation and the final product was 
concentrated and characterized using 1H NMR. The final product yield was 82.6% w/w. 
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(2-Azidoethoxy)ethyl vinyl ether (P2, Scheme 4.6: step b): Sodium azide (7.8 g, 120 
mmol) was added to a solution of P1 (3.44 g, 12 mmol) in DMF (20 mL), and reaction 
mixture was stirred at 60oC for 18 hours. The product was filtered, concentrated using 
rotary evaporation and dissolved in DEE. DMF has a high boiling point (153 oC) and is 
generally soluble in most organic solvents, making evaporation and separation by liquid-
liquid extraction difficult. Therefore, a special strategy was used to isolate the product in 
acceptable yields. Additionally, attempts to purify the product using column 
chromatography with SiO2 proved unsuccessful. Since SiO2 is mildly acidic, the vinyl 
ether end groups were converted to acetal groups with the reaction of excess –OH present 
in the mixture. Furthermore attempts to use an Al2O3 column were also unsuccessful. In 
this case, little/no product was eluted, possibly due to the high polarity of the column and 
its binding of the product. Therefore, a third strategy that does not involve column 
chromatography was attempted.  
 
In a separate beaker, distilled water was cooled to ~2 oC. The product (dissolved in DEE) 
obtained from the azide substitution was washed with the cooled water 3 times to remove 
excess sodium azide and DMF, followed by 3 washing cycles with NaOH/brine mixture. 
The NaOH/brine mixture was prepared by dissolving a 200 mg NaOH pellet in 10 mL 
brine. Finally, the product was dried under Na2SO4 and DEE was removed using rotary 
evaporation to obtain the final product. The purity of the product was determined by 1H 
NMR. The percentage yield of the product obtained was 56%. No attempts were made to 
improve the product yield. 
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4.3.4. Synthesis of AVE-L-1 Linker 	
Linker AVE-L-0 was reacted with 2-PE, in standard acetal reaction conditions, in 
order to incorporate the 2-PE molecule into the linker. Briefly, 2-PE (0.3455 g, 2.8 
mmol) and AVE-L-0 (0.4535 g, 3 mmol) were allowed to react in the presence of an acid 
catalyst, PPTS (0.05 equiv.) in anhydrous THF (2 mL) at RT for 4 hours in N2 purged 
conditions. The product was extracted using liquid-liquid extraction with EtOAc (35 mL) 
and washed three times with dilute aqueous solutions of K2CO3 (5mL). At each time, the 
aqueous part was saturated by adding excess NaCl. The product was isolated by 
removing solvent in rotary evaporation followed by drying under vacuum at room 
temperature for 48 h. All products were stored below 10 °C. The stability of the linker 
was determined using 1H NMR, which showed that the product was stable for at least 4 
months. 
 
4.3.5. Synthesis of Internal Alkyne and Alkene Polyacetal 	
 
Internal alkyne and alkene main-chain functional polyacetal were prepared with 
similar methods discussed in Chapter 2. The percentage alkyne or alkene 
functionalization was varied according to Table 4.2. Briefly, a mixture of H23 and Adiol 
(i.e alkyne-diol or alkene-diol) with different ratio of H23:Adiol) was reacted with V22. All 
the polymerization reactions were performed on a 10 mmol scale, initially in an ice-bath 
(for 1 hour) followed by another 5 hours at room temperature under N2 atmosphere in 
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scintillation vial equipped with a rubber septum. The reaction was carried out with a 
stoichiometric imbalance ratio of mixed-diols to V22=1:1.05 mol/mol in the presence of 
acid catalyst PPTS (0.05 equiv.) in anhydrous THF (2 mL). All polymerization reactions 
were performed according to the ratios in Table 4.2 for 6 hours under continuous stirring 
conditions. After the completion of the reaction, the acid catalyst was neutralized using 
Et3N (95:5 (v/v)) followed by purification and liquid-liquid extraction, in an identical 
procedure to main-chain drug conjugates.  
 
4.3.6. RuAAC Click Reaction Between Internal Alkyne-PA and AVE-L-
0/AVE-L-1 		
PA2223Dalky20V15.0 (0.915 g, 0.061mmol), AVE-L-0 (0.079 g, 0.061mmol) or 
AVE-L-1 (0.140 g, 0.5 mmol) and anhydrous THF (5 ml) was added to a 25 mL air-free 
Schlenk vessel (Chemglass) equipped with a magnetic stir bar. The solution was stirred 
under nitrogen atmosphere for 30 minutes and degassed three times using a liquid N2 
freezing/thawing cycle. When completely degassed, the reaction mixture was re-frozen 
and the catalyst Cp*RuCl-COD (0.038 g, 0.1 mmol) was introduced under N2 purge 
conditions. The reaction vessel was then tightly capped and allowed to react at room 
temperature for 18 hours under continuous stirring conditions. The resulting polymer was 
precipitated several times using hexane. The product was purified using standard 




All polymeric products were characterized using GPC, 1H NMR and FTIR 
techniques in accordance with procedures in Chapter 2. Small molecular products and 
intermediates were primarily characterized using 1H NMR and NMR. Characterization of 
the cloud points and degradation profiles were conducted with UV/Vis spectroscopy and 
GPC respectively. These methods are discussed in detail in Chapter 2. Additionally, the 
preparation of the calibration curve and full GPC analysis was conducted in similar 
methods to those discussed in Chapter 2 and 3. 
4.5. Conclusion 	
 
In this chapter, we expand on the knowledge gained from the functionalization of 
polyacetals with diols to functionalization of polyacetal with mono- and poly- hydroxyl 
functional compounds. There lacked previously outlined methods in literature in order to 
achieve this functionalization for polyacetals. Therefore, we discuss two strategies that 
show merit: 1) end-functionalization of vinyl ether terminated polyacetal, and 2) click 
chemistry techniques to functionalize internal alkyne-PA with specialized linker 
molecule AVE-L-0 and AVE-L-1. For proof-of-principle studies, we have used a simple 
mono-alcohol, 2-PE. The results from methods (1) and (2) show it is feasible to 
successfully incorporate varying amounts of mono-alcohols directly onto the polyacetal 
chain. Furthermore, the resulting polymers show temperature response and are 
degradable in acidic medium, similar to previously prepared polyacetal. An important 
distinction in these pendent-chain polyacetal conjugates is their degradation profile. 
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Pendent-chain conjugates undergo acid hydrolysis and liberate the attached payload in 
the first 12 hours of the degradation cycle. Therefore, for applications that require a rapid 
payload release mechanism, these materials are a good fit. Similarly, when used as a 
blend with main-chain polyacetal conjugates, a sustained release profile can be obtained 
with contributions from both systems. 
 
With these methods in place, a variety of mono- and poly- alcohols can be used for 
applications such as targeted delivery with polyacetal. A large portion of potential drug 
and other functional molecules of relevance are of this type. For example, gemcitabine; a 
diol with limited reactivity of one –OH, was described in the previous chapter as an 
unsuccessful candidate for targeted delivery with polyacetal. However, with the work 
described in this chapter, we hope to explore experimental procedures to incorporate 
gemcitabine as a mono-alcohol candidate, which would potentially elevate clinical 
outcomes. Similarly, many other mono- and poly- alcohols that were previously excluded 
from the library of potential targets (such as fragrances, antibiotics and flavor 
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Chapter 5 |  
 
Polyacetal Block Co-Polymers 
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developed and carried out by Dr. Samanta. We include this work as a chapter in this 
thesis to fully illustrate the broad scope of polyacetals and to complete the discussion of 




We have fully explored the functionalization of PAs with mono-, di- and poly- 
hydroxyl small molecules in the preceding chapters. Together, these functional groups 
account for a large percentage of structurally relevant molecules of interest that have 
potential uses with PA. Nevertheless, there remain other molecules that lack the 
aforementioned functionalities that are of great importance in practical applications. For 
example, there are a host of anti-cancer agents, such as alkylating agents, kinase, 
aromatase and topoisomerase inhibitors as well as anthracyclines that do not contain the 
necessary functionalities for use with the PA system1–4. A functionalization strategy must 
then, be developed to incorporate these agents of interest, onto the PA polymer chain to 
ensure broad applicability.  
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Amphiphilic block copolymers (ABCs), comprising of sequences of different 
hydrophilicity, have been studied broadly, especially in their applicability as surfactants5–
9 for surface modification and carriers for drug delivery10–17. Under certain conditions, 
ABCs form micellar structures in aqueous solutions that can be used to deliver a variety 
of cargo such as hydrophobic drugs, and fragrances, to name a few. ABCs for drug 
delivery was first reported in the 1980s by Ringsdorf and coworkers where 
cyclophosphamide, a potent anticancer agent was covalently attached to a 
poly(ethyleneoxide)-b-poly(L-lysine) diblock co-polymer and later formed into micelles 
suitable for drug delivery18. A similar approach was later described by Yokoyama using 
PEO–poly(aspartic acid) block copolymer modified with doxorubicin19. Subsequently, 
the concept of “micellar microcontainers” became a strategy for drug incorporation, 
where the drug is encapsulated in the hydrophobic core of the micelle instead of by 
covalent attachment. A variety of miceller microcontainers with varied architectures were 
developed thereafter; poly(DL-lactide)-poly(N-vinyl-2-pyrrolidone)20, poly(lactide)–
depsipeptide21, poly(malic acid)–poly(malic ester)22 and PEO–PPO–poly(caprolactone) 
triblock copolymers23  are a few examples. 
 
The utility of conventional ABCs (such as the one identified above), can be significantly 
enhanced by including two important modifications in their synthesis: 1) the use of 
stimuli-responsive polymers; which renders the resulting micelle stimuli-responsive and 
2) the incorporation of mechanisms for degradation. Temperature responsive polymers 
such as PNIPAm have been used previously for the synthesis of ABCs that show LCST 
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behavior in aqueous solution24–26. However, these systems have not shown merit in the 
tuning of the LCST or intrinsic biodegradability.  
 
ABCs based on polyacetals, may be used in hyperthermia-targeted drug delivery 
(HTDD)27, where temperature-responsive micelles are designed to be soluble in plasma at 
physiological temperature, but coacervate in environments characterized by mild 
hyperthermia (i.e. 41-43°C). In targeted cancer therapy, micelles of this nature are able to 
preferentially localize and accumulate within tissue that is hyperthermic28. In similar 
fashion, degradable acetal linkages can be designed to release their cargoes upon 
encountering acidic environment (such as those found in tumors), providing sustained 
release of encapsulated cargo (Figure 5.1)29,30. Beyond applications in drug delivery, 
environmentally friendly, green degradable surfactants, and other delivery systems can be 
readily prepared using PA based ABCs. 
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Figure 5.1: Schematic of hyperthermia targeted drug delivery using PA micelles.  	
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In this chapter we discuss strategies to 1) prepare ABA type block-co-polymers from 
thermoresponsive PAs, 2) explore the morphology and elucidate the optimal conditions in 
which they form miceller structures, and 3) study the encapsulation and release of 
functional cargo using pH degradation.  
 
5.2. Results and Discussion 
 
The compositions of each PA in this chapter is designated as PAijklEM, where PA 
denotes polyacetal, the indices 𝑖 through 𝑙 denote the values of the four compositional 
variables 𝑛!, 𝑚!, 𝑛!, and 𝑚!, respectively, the letter E denotes the end group type (V for 
vinyl ether, H for hydroxyl, Br or bromo-, A for alkyne and N3 for azide), and M 
designates the molecular weight in kiloDaltons.  
 
5.2.1. Preparation of Polyacetal Macromonomers and ABA type Block Co-
Polymers 
 
Two temperature responsive and pH degradable PA co-polymers, PA4023H7.1 
(hydrophilic) and PA4050V5.4 (hydrophobic), were synthesized as precursors for the 
synthesis of ABA triblock co-polymers. End-linking of these copolymers can be 
performed by a variety of chemistries including the acetal reaction. Furthermore, other 
orthogonal chemistries such as click chemistry allows for precise control over the 
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structure of the resulting PA block co-polymers. Furthermore, PA macromonomers are 
required to carry the specific end-functionality to enable their use in click chemistry. 
However, several attempts for preparing PA macromonomers with suitable functionalities 
for click chemistry have proven to be unsuccessful. A chronological presentation of these 
strategies are presented here, briefly, as they are helpful in illustrating the intricacies 
relating to the polyacetal system. 
 
A preliminary approach to prepare PA macromonomers involves the synthesis of vinyl 
ether terminated PA, diol terminated polyacetal, and end-linking using standard 
polyacetal chemistry in the presence of a mildly acidic catalyst (Scheme 5.1). Divinyl 
ether terminated PA (PA4050V5.4) and diol terminated PA (PA4023H7.1) were reacted in 
the presence of PPTS in a ratio of PA4050V5.4/PA4023H7.1 = 1/2, which would 
theoretically result in an ABA type tri-block co-polymer with hydrophilic outer shell and 
hydrophobic core. However, several attempts to prepare block co-polymers near 
theoretical molecular weight (~20 kDa) were unsuccessful. The possible reason for this 
behavior is degradation during the end-linking reaction; both polyacetal macromonomers 
Scheme 5.1: Failed attempt to synthesize polyacetal-polyacetal block copolymers using diol- 
and divinyl-ether terminated macromonomers 	
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as well as the resulting polyacetal block co-polymer degrade in the presence of the mildly 
acid catalyst, PPTS. A second approach in which a neutral click catalyst is used for the 
end-linking process was considered since the use of an acid catalyst is detrimental to the 
resulting block co-polymer. For this purpose, alkyne- and azide-terminated (i.e., click 
functional) PAs were prepared and end linked using reactions depicted in Scheme 5.2. 
 
 
To obtain PA macromonomers with suitable functionality for click chemistry, divinyl 
ether-terminated PA was reacted with 2-bromoethanol under PA synthesis conditions, 
resulting in Br-terminated PA. The PA-Br is further reacted with NaN3 under SN2 
conditions to yield N3-terminated PA. Similarly, synthesis of alkyne-terminated PA was 
attempted using divinyl ether end-group reaction with propargyl alcohol (Scheme 5.3). 
However, both functionalization reactions did not proceed to completion. Figure 5.2 
shows the growth in molecular weight as a function of polymerization time, where the 
arrows indicate the times at which the chain-capping agents were added. It is clear that 
Scheme 5.2: Synthesis of amphiphilic polyacetal-polyacetal block copolymers by end-linking 
alkyne-terminated and azide-terminated PA macromonomers by a CuAAC reaction 
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the addition of the mono-hydroxy chain-capping agents caused a decrease in molecular 
weight, ultimately leading to degradation by depolymerization of polyacetal.			
 
Scheme 5.3: Attempted synthesis of alkyne-terminated and azide-terminated PA 






Figure 5.2: Growth of molecular weight during PA macromonomer synthesis for preparation 
of (a) PA4050N3 and (b) PA4023A. The arrow indicates the time at which capping agents 2-




A third attempt was made to prepare PA macromonomers by the use of azide- and 
alkyne-functional mono vinyl ether capping agents. For this purpose, hydroxy terminated 
polyacetals PA4050H2.7 and PA4023H3.7 were synthesized with hydroxyl in stoichiometric 
excess and reacted with two specialized linkers F1 and F2, according to the Scheme 5.4. 
PA4050H2.7 was reacted with F1 in excess to yield PA4050Br3.1 and the Br-terminus was 
successfully reacted with NaN3 to yield PA4050N33.1. Similarly, PA4023H3.7 was reacted 
with F2 to yield alkyne-terminated polyacetal macromonomer PA4023A3.9. The two 




Scheme 5.4: Synthesis of alkyne-terminated and azide-terminated polyacetal macromonomers 









Figure 5.3: Growth of molecular weight during PA macromonomer synthesis for preparation 
of (a) PA4050N3 and (b) PA4023A using strategy 3 (Scheme 5.4). The arrow indicates the time at 
which capping agents F1 and F2, respectively, were added. 	
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The results show that in both azide and alkyne macromonomers, the final molecular 
weight remained constant after the addition of the end-capping groups F1 and F2 
respectively. Following this success, five-click functional macromonomers were prepared 
using this strategy (Table 5.1) namely, one hydrophobic azide-terminated macromonomer 
and four alkyne-terminated macromonomers of systematically varied hydrophilicity. In 
all cases, the molar ratio of divinyl ether to diol monomers were kept at 1:1.05, ensuring 
that the initial macromonomers were terminated with hydroxyl groups and that the 
theoretical degree of polymerization was kept constant. Preparation of the azide-
terminated macromonomer required three steps: 1) synthesis of the hydroxyl-terminated 
macromonomer, 2) capping it with a bromine group by addition of bromo vinyl ether 
(F1), and conversion of the terminal bromine to an azide group by reaction with sodium 
azide. Preparation of the alkyne-terminated macromonomers each required two steps: 
first, synthesis of the hydroxyl-terminated macromonomer and then capping it with an 
alkyne group by addition of the alkyne divinyl ether (F2). Characterization results for 
these five macromonomers and their precursors are presented in Table 5.1. The 
theoretical predictions for the molecular weights of hydroxyl-terminated PA 
macromonomers were also determined by application of the Carothers equation to 
determine the average degree of polymerization, assuming complete conversion 
molecular weight. When appropriate, these values were corrected to include the 















Azide-terminated	 PA4050H	 4050	 Hydroxyl	 5.04	 5.31	
PA4050Br	 4050	 Bromine	 5.60	 5.77	
PA4050N3	 4050	 Azide	 5.60	 5.71	
Alkyne-
terminated	
PA4023H	 4023	 Hydroxyl	 6.81	 7.14	
PA4023A	 4023	 Alkyne	 7.20	 7.59	
Alkyne-
terminated	
PA4022H	 4022	 Hydroxyl	 5.99	 6.27	
PA4022A	 4022	 Alkyne	 6.30	 6.67	
Alkyne-
terminated	
PA4021H	 4021	 Hydroxyl	 5.09	 5.31	
PA4021A	 4021	 Alkyne	 5.40	 5.55	
Alkyne-
terminated	
PA4020H	 4020	 Hydroxyl	 4.19	 4.43	
PA4020A	 4020	 Alkyne	 4.50	 4.70		
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5.2.2. Characterization of Polyacetal Macromonomers 		
 The PA macromonomers were characterized by 1H NMR to confirm purity. 
Figure 5.4a shows the 1H NMR spectrum for PA4050Br3.1. Peaks f, g and j confirm the 
presence of the linker F1 in the terminus of PA4050Br3.1 macromonomer. Figure 5.4b, 
shows the PA4050N33.1 product after the terminus conversion from Br- to N3. The 
presence of shift in peak j from 𝛿 (3.2) to 𝛿 (1.3) suggests that the Br- end group is 












The presence of the peaks q and r at 𝛿 (4.2) and 𝛿 (2.4) respectively, are strong indicators 
of the conversion of the OH-terminus group to alkyne- group using acetal chemistry. 
Both polyacetal macromonomers have long carbon backbone structures making it 
difficult to fully characterize the structure quantitatively using 1H NMR alone. Further 
characterization of the macromonomers was done using FTIR spectroscopy. Furthermore, 
Br- to N3 conversion can clearly be seen in the FTIR spectrum for macromonomers 
PA4050Br3.1 and PA4050N33.1 shown in Figure 5.5. N3 has a characteristic FTIR peak at 
~2100 cm-1, which is detected prominently in the FTIR spectrum for PA4050N33.1. 
Similarly for PA4023A3.9, Figure 5.6 shows a characteristic alkyne peak at ~1962 cm-1, 
which reflects theoretical terminal alkyne peak at 2126 cm-1. It is important to note that 
the low intensity of the alkyne peak may be resulting from the high backbone/end-group 
ratio, which makes obtaining higher peak intensities difficult. 	
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Figure 5.6: FTIR spectra for azide-terminated macromonomer (PA4023A3.9) 	
	
Figure 5.5: FTIR spectra for bromine-terminated (PA4050Br5.8-solid line) and azide-
terminated (PA4050N35.7-dotted line) macromonomers 	
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5.2.3. Standardization of the CuAAC Click Reaction 		
Based upon the nature of the end-capping procedure and previous results31 
associated with the preparation of hydroxyl-terminated and vinyl ether terminated 
macromonomers, we expect all of the alkyne- and bromine-terminated PA 
macromonomers to have a functionality of two. The azide-terminated macromonomer, on 
the other hand, is expected to have a functionality of less than two due to inefficiencies in 
the SN2 substitution reaction with sodium azide used to convert the terminal bromine 
groups into azide groups. In order to estimate the effective functionality of the azide-
terminated PA macromonomer, a series of end-linked block copolymers were prepared 
by reacting PA4050N35.7 and PA4023A7.6 at varying molar ratios. The results shown in 
Table 5.2, clearly illustrate that the resultant molecular weights do not agree with the 
predictions of the Carothers equation if complete conversion is assumed, most likely due 
to incomplete conversion of the bromine groups and azide functionality less than two. 
Table 5.2: Molecular weight and degree of polymerization of PA block copolymers as a 








1	:	2.0	 3.0	 20.90	 16.88	 2.4	
1	:	1.8	 3.5	 24.22	 18.90	 2.7	
1	:	1.6	 4.3	 29.74	 20.56	 3.0	
1	:	1.4	 6.0	 40.85	 25.01	 3.6	
1	:	1.2	 11.0	 74.10	 34.84	 5.1		
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The effective yield of bromine-to-azide transformation reaction can be estimated by 
application of a modified Carothers equation that accounts for the loss of chain end 
functionality. According to the Carothers equation, the degree of polymerization (DP) 
can be calculated as, 
 
Where 𝑟 is the molar ratio of alkyne to azide reactants, 𝑛!!is the number of moles of 
azide-terminated PA macromonomer and 𝑛! is the number of moles of alkyne-terminated 
PA macromonomer. If the efficiency of the bromine to azide transformation is denoted as 𝑓 (with 𝑓 <1), the effective number of moles of azide-terminated PA macromonomers is 
reduced to 𝑓𝑛! and the modified Carothers equation becomes, 
 
 Rearrangment of this equation leads to the expression, 
 
 
The efficiency of the bromine to azide transformation can be determined by plotting the 
left hand side as a function of 𝑓. The data fall on a straight line which appropriately goes 
through the origin and shows a slope of 0.81, indicating that the efficiency of bromine to 
azide conversion is 81%, similar to other values reported in the literature (Figure 5.7). 
 𝐷𝑃 = 1+ 𝑟1− 𝑟 = 𝑛!! +  𝑛!𝑛!! −  𝑛! (5.1) 
 𝐷𝑃 = 1+ 𝑟1− 𝑟 = 𝑛!! +  𝑓𝑛!𝑛!! −  𝑓𝑛! (5.2) 
 𝐷𝑃 +  1𝐷𝑃 − 1 = 𝑟𝑓 (5.3) 
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5.2.4. ABA Block Co-Polymers Prepared from Polyacetal Macromonomers 		
 The DPexpt of the resulting block co-polymer that is commensurate with DPtheo can 
be obtained by making adjustments to the initial ratio for Br- to N3 transformation. The 
theoretical molecular weight can be calculated as, 
 
The final block co-polymers were assigned names in the order of 𝐵!!,!!,!!,!! (Table 5.3), 
where 𝑛!,𝑚!,𝑛!,𝑚!, are that of the base-PA as discussed previously. The PA block co-
polymers were characterized using 1H NMR (Figure 5.8), which illustrates the triazole 
proton peak at 𝛿 (7.3), confirming the successful completion of the click reaction.  
 𝑀!!!!". = 𝑀!!"#$ 𝑃𝐴!"#$%& +  𝐷𝑃 − 1  × 𝑀!!"#$ 𝑃𝐴!"#$%  (5.4) 
	
Figure 5.7: Determination of the efficiency of the Br- to N3 conversion. The slope of the curve 


















PA4050N35.7+PA4023A7.6	 1:1.6	 0.81:1.6	 3.05	 21.22	 20.56		
	
B4023	
PA4050N35.7+PA4022A6.7	 1:1.6	 0.81:1.6	 3.05	 19.06	 18.61	
	
B4022	
PA4050N35.7+PA4021A5.5	 1:1.6	 0.81:1.6	 3.05	 16.81	 16.28		
	
B4021	




Figure 5.8: 1H NMR characterization of B4023 	
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5.2.5. Temperature Induced Phase Transition of PA Block Co-Polymers 
 
 
The temperature induced phase transition of PA block co-polymers was studied 
using UV/Vis spectroscopy. Visually, with increasing temperature, the block co-polymer 
solutions transition from clear to cloudy states at the CPT. Figure 5.9 shows the phase 
transition behavior for three PA block co-polymers: B4023, B4022 and B4021 that show CPTs 
of 38.5°C, 26.8°C and 13.1°C respectively. The hydrophilicity of the base PA used for 
block co-polymer decreases in the order PA4023A7.6 > PA4022A6.7  > PA4021A5.5. As a 
result, the CPT temperatures of the resulting PA block co-polymers decrease in the same 
manner ( 𝑇!!"#$ >  𝑇!!"## >  𝑇!!"#$ ), providing a convenient means to tune the 








Figure 5.9: Temperature induced phase transition (heating and cooling) for block copolymers 





5.2.6. Morphology of B4023 PA Block Co-Polymers 		
Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM) 
were used to investigate the morphology of the temperature-induced coacervation of the 
PA block co-polymers. The DLS results (Figure 5.10) show that the polymer micelles 
display a narrow and monomodal size distribution with a hydrodynamic radius of 37 nm 
below the TLCST of 38.5 °C (for B4023). However, as the temperature increases above the 
TLCST, the polymer micelles present an average diameter of ~1100 nm, indicating the 
coacervation of several individual block co-polymer chains. This result can be further 
attributed to the individual chain collapse at the constituent PA co-polymer level. TEM 
images (Figure 5.11) visually demonstrate the micellar structures formed by the block co-
polymers below the TLCST.  
 
	
Figure 5.10: DLS study for determination of hydrodynamic radius of PA block co-polymers 












5.2.7. Micelle Formation of B4023 PA-Block Co -Polymer 		
The micelle formation was characterized using fluorescence spectroscopy with 
pyrene as a probe32,33. This fluorescence method involves the use of a hydrophobic 
fluorescence dye, which exhibits different fluorescence characteristics depending upon 
the properties of the solubilizing medium. For example, fluorescence probes such as 
pyrene and pyrene-3-carboxaldehyde, which are sensitive to the polarity of the 
solubilizing medium will exhibit different fluorescence behavior in micellar and non-
micellar solutions. Such changes in behavior as a function of block co-polymer 
concentration have been typically used to determine the critical micelle concentration 
(CMC) and other micelle characteristics of certain surfactants and block co-polymers.  
 
 
Figure 5.11: TEM micrographs of PA block co-polymer micelles (B4023) below the LCST.  
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5.2.8. Fluorescent Method for Determining Loading Efficiency 
 
Pyrene is known to exhibit solvent-dependent vibronic bands in its fluorescence 
spectrum34–36. The intensities of the bands are governed by the relative positions of the 
potential energy surfaces of the excited singlet states relative to the ground singlet state. 
The intensities of various vibronic bands are known to show a strong dependence on the 
solvent environment. In presence of polar solvents, there is an enhancement in intensity 
of the grounds state (0–0) band at the expense of other bands. The UV absorption and 
fluorescence of pyrene undergo perturbation in intensities due to vibronic coupling34,35. 
Pyrene has five predominant peaks in the fluorescence spectrum at 372 (0–0), 379, 383, 
388, and 393 nm37. Conveniently, the peak intensities are normalized with respect to the 
0–0 peak. Since the intensity of the peak at 383 nm (I!) is the most sensitive to the 
environment relative to that at 372 nm (I!), the (I!/I!) ratio is used to determine the 
polarity of the surrounding medium. It has been shown that, in hydrocarbon solvents (of 
very low dielectric constant, 𝜀 ≤ 2 ), the relative peak intensities show minimum 
variation (I!/I! = 1.65− 1.75)37 for a wide variation in hydrocarbon configurations. 
However, in presence of micelles and other macromolecular systems, pyrene is 
preferentially solubilized in the interior hydrophobic regions of these aggregates. To 
determine the CMC, the amphiphile concentrations are varied from below CMC to above 
it in the presence of a constant concentration of pyrene. Below the CMC, there are no 
micelles in the solution and the  pyrene fluorescence corresponds to that in water 
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with I!/I! ~ 0.6632. As the amphiphile concentration increases beyond CMC, pyrene is 
distributed with a fraction being at the hydrophobic core of the micelle formed, resulting 
in a prominent increase in the I!/I! ratio. Above the CMC, I!/I! remains fairly constant 
and independent of the probe as well as the surfactant concentration. It has been shown 
that I! / I! for pyrene is independent of the surfactant concentration, length of the 
hydrocarbon chain, or presence of impurities or salts. 
 
The pyrene encapsulation efficiency was determined using a subset of the above method.  
Figure 5.12 shows the fluorescence spectrum of pyrene in aqueous B!"#$ above the 
CMC. At these concentrations, I! / I! = 0.74  is a direct indicator of the type of 
environment that characterized the core of the micelle. Pyrene dissolved in 
dichloromethane (DCM) shows similar (I!/I! = 0.73) ratio, which suggests that the 
environment (i.e. polarity) of the core is comparable to that of hydrophobic solvent DCM. 
Knowledge of the nature of the core allows for a quantitative determination of the pyrene 
concentration in the core using UV/Vis absorption of pyrene dissolved in DCM. A 
UV/Vis calibration curve can be constructed from the absorbance of pyrene dissolved in 
DCM for various concentrations (Figure 5.13). The maximum encapsulation efficiency 
was then determined by using maximum pyrene loaded (using excess pyrene above 
CMC) 𝐵!"#$ micelles in UV/Vis spectroscopy to determine its absorbance (Figure 5.14).  
The absorbance for the excess pyrene encapsulated micelles was 0.77 AU. Using the 
calibration curve, it was determined that the maximum pyrene loading for 𝐵!"#$ was 
9.5% (mass pyrene/mass 𝐵!"#$ ). During this preliminary work, the CMC was not 










Figure 5.12: Fluorescence measurement of pyrene loaded micelle from B4023 block copolymer (after 
25 times dilution of a stock solution of concentration 1 gL-1) below LCST. 	
Figure 5.13: UV-vis absorbance of pyrene loaded (excess) micelles obtained from B4023 block 




Figure 5.14: Calibration curve of UV-vis absorbance against pyrene concentration in 
Dichloromethane.  
 
5.2.9. pH Dependent Degradation of PA Block Co-Polymers 	
 The pH dependent degradation of PA block co-polymers was examined using the 
methods described in the previous chapter. As expected, the block co-polymers degrade 
in acidic media at rates commensurate with the pH (Figure 5.15). It can be seen in the 
degradation profile (especially at pH 5), that the block co-polymer degrades rapidly at the 
beginning of the cycle and continues the degradation at a lower rate. This behavior may 
be attributed to the degradation of the hydrophilic PA block of the co-polymer first 
followed by the degradation of the hydrophobic block. Furthermore, pH dependent 
pyrene release efficiencies were studied using the GPC method. The results show that, 
upon degradation, the encapsulated pyrene is released. Approximately 97% is released 
within the first 3 hours (Figure 5.16), indicating the feasibility of using ABA-type 




Figure 5.15: Degradation profile of B4023 (5 gL-1) as a function of time and pH at 37°C.  
	
Figure 5.16: Pyrene release profile from B4023 micelle (after 25 times dilution of a stock 
solution of concentration 1 gL-1) as a function of time at pH 5.0   
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5.3. Conclusion  		
 This chapter outlines the synthesis and characterization of block co-polymers 
prepared from polyacetal macromonomers using substitution chemistries and end-linked 
using CuAAC. The resulting PA block co-polymers are temperature responsive owing to 
the amphiphilic nature of the monomers as well as macromonomers. The temperature 
response of the block co-polymers can be tuned simply by changing the 𝑛!,𝑚!,𝑛!,𝑚! 
monomers or adjusting the chain-length of the macromonomers used. Results indicate 
two mechanisms of temperature response for this system, 1) standard LCST collapse of 
stemming from base PAs, and 2) coacervation of hydrophobic PA block co-polymer to 
form larger aggregates. Together, the two mechanisms allow for sharp phase transition 
that could be useful in practical applications, especially in targeted drug delivery. The 
resulting PA block co-polymers are also pH degradable, degrading at rates commensurate 
to the solvent pH.  
 
Synthesis of PA block co-polymer micelles is the latest strategy for encapsulation of 
compounds of interest. The first two strategies discussed in Chapters 3 & 4, require 
specialized functionalities in compounds to enable attachment to the PA backbone. The 
micelle method, however, does not carry any such requirements. In the proof-of-principle 
studies outlined in this chapter, pyrene was encapsulated onto the core of the micelle and 
released upon degradation. We hypothesize that a host of the molecules could be 
encapsulated into PAs using similar techniques. We also hypothesize that reverse 
micelles can be constructed using an inverse of the methods discussed in this chapter, 
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allowing for encapsulation of hydrophilic molecules of interest. In summary, using 
strategies outlined in chapters 3, 4 and 5, virtually any molecule of interest can be 
incorporated onto the PA system, opening up a variety of potential applications.  
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Chapter 6 |  
 
Polyacetal Molecular Dynamic Simulations 		
6.1. Motivation 
 
In the preceding chapters, we have investigated the structure-property 
relationships for a variety of polyacetal systems. In each case, we have seen remarkable 
agreement of experimental results and analytical theory. Temperature responsive PAs can 
be swiftly synthesized with predictable molecular weights using step-growth 
polymerization and their TLCST can be tuned linearly, simply by changing the hydrophilic-
hydrophobic monomers in the backbone. We now attempt to expand our understanding 
further using Molecular Dynamic (MD) simulations, to elucidate factors responsible for 
the extraordinary behavior. Molecular-level understanding allows us to not only get a 
consistent picture from known experiments, but also to go beyond the current 
experimental limit and present a fully flexible design principle for functionally advanced 
materials.  
 
MD simulations of temperature responsive polymers (TRPs) have been a matter of 
intense research for over a decade. There exists a body of literature that focuses on 
temperature responsive homopolymers1–4, block co-polymers5,6 and gels7–10. However, an 
overwhelming majority of these MD studies have focused on one homopolymer, namely, 
poly(N-isopropylacrylamide) (PNIPAm). PNIPAm is a particularly special class of TRPs 
		 185 
that exhibit LCST behavior. An atactic PNIPAm homopolymer shows a TLCST of 305K 
(32oC)11–13. As eluded in Chapter 1, the LCST simply occurs when translational entropy 
of the solvent particles become larger than the conformation entropy loss upon chain 
collapse. Below TLCST, PNIPAm forms hydrogen bonds with water, forming a solvated 
shell around the amphiphilic polymer. Near TLCST, however, translational entropy gain by 
water molecules due to hydrogen bond breakage becomes larger than the conformational 
entropy loss of the polymer upon collapse14. Therefore, the PNIPAm homopolymer has a 
well-defined critical temperature (TLCST) at which the transition occurs11,12,15. The TLCST 
of PNIPAm can be tuned using several factors such as copolymerization, co-solvency, 
ionic strength of the solvent, and tacticity, to name a few16–21. For example, when 
hydrophilic units such as acrylamide are added along the backbone of a bare PNIPAm 
chain, its TLCST increases. In this context, the behavior of PNIPAm based systems have 
been subject to extensive investigation experimentally22–27 as well as through 
simulation8,23,28–37. However, tuning of the TLCST of PNIPAm-based copolymers (as well 
as all other TRPs16–18) is non-linear and unpredictable, limiting its utility and broad 
applicability.  
 
Recent work presented by Samanta et al21 (see Chapter 1), have demonstrated  that the 
TLCST for polyacetal can be tuned linearly and with remarkable precision, simply by 
changing hydrophobic-hydrophilic balance of the monomers used. If broadly applicable, 
this technique provides a powerful toolbox with which the TLCST of a variety of 
architectures can be tuned. Molecular dynamic simulation is an effective method to 
determine the broader applicability of this technique. However, the LCST behavior of 
		 186 
PAs have not been previously investigated using MD simulations. In this chapter, we 
attempt to quantitatively compare and expound on these experimentally obtained 
characteristics using MD simulations.  
 
Polyacetals exhibit strong end-group dependent chain length effects in experimental 
studies (Figure 6.1)21. For example, below a critical molecular weight of 𝑀! ~10! 𝑔/𝑚𝑜𝑙, significant end-group and chain-length effects can be seen. To minimize this effect, 
one needs a minimum chain-length of 10! 𝑔/𝑚𝑜𝑙, which corresponds to ~300 beads for a 
pure ethylene oxide (EO) chain or 800 beads for a methylene (M) chain during MD 
simulations. Within a simulation setup, this would require a box size of at least 15 to 20 
nm. Therefore, for a water box, with number density of 32 water molecules per cubic nm; 
Figure 6.1: Molecular weight dependent LCST of hydroxy terminated (top line) and divinyl 
ether terminated (bottom line)22  
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more than 105 water molecules would be needed (or equivalent of ~ 3×10! atoms). 
These limitations pose a serious challenge for all-atom simulations, and motivate the 
development of accurate, lower resolution coarse-grained (CG) model for further 
theoretical investigation. In this chapter, we use a bottom-up approach to derive a CG 
model for an analog of the polyacetal system using a combination of structure based CG 
methods, namely the iterative Boltzmann inversion (IBI)38 and coordination iterative 
Boltzmann inversion (𝒞-IBI)39. 	
6.2. Molecular Dynamic Simulations 
 
  
Molecular dynamics is a simulation technique that statistically deals with the 
motion of particles, providing information about properties of the system. The atoms and 
molecules are allowed to interact for a fixed period of time to obtain a dynamic view of 
the system. In classical MD, a trajectory containing position and velocities of all 
molecules in the system is obtained by integration of Newton’s Laws40 as follows, 
 
where, 𝑚 denotes the atomic mass and 𝐸(𝑟) the potential energy function. A primary 
concern in MD simulations is the interaction of various atoms, connected through 
chemical bonding. Depending on the system, the relevant interactions can be obtained 
using a proper force field that describes the potential of each atom. The OPLS force field 
 




utilized in all-atom simulations is described in this chapter41. The potential energy 
function with respect to the position vector, 𝑟, for the OPLS force field is given by,  
 
where, the first four terms describe bonded potentials and the last term describes the non-






























where, 𝑟,𝜃, 𝜉 and 𝜙  and bond lengths, bond angles, improper dihedral angles and 
torsional dihedral angles, respectively. Variables with the subscript ‘0’ are ideal values 
and 𝐴!", 𝐶!" , 𝑞! and 𝑞! are parameters of the force field. In simulations, the equations of 
motion that contain the above potentials are numerically solved using the Verlet 
algorithm42 		
6.3. Iterative Boltzmann Inversion (IBI) 	
All atom simulations are difficult to perform in large systems due to 
computational limitations. Coarse-graining of the particles allow for the reduction of 
effective particle interactions, significantly reducing the computational resources needed. 
Iterative Boltzmann Inversion is a widely used technique to derive CG potentials by 
mapping target properties of the underlying all-atom simulation to the CG level43. The 
procedure starts from an initial guess for the potential of the CG model using the radial 
distribution function, g!"(𝑟), of the all atom simulation. Single coordinate distribution 
functions such as g!"(𝑟), are a convenient choice to describe the structure of polymers, 
because they allow for the separation of intra- and intermolecular components that 
 




describe the structure of the polymer38. The initial guess for the potential in IBI can be 
written as, 
 
where, g!"!"#$%!(𝑟) is the pair distribution function between different solvent components 
obtained from the all-atom reference simulation. The initial guess is then updated in an 
iterative protocol as follows, 
The iteration proceeds until g!"!!! 𝑟 =  g!"!"#$%!(𝑟), for which the potential converges to 
the target CG potential. In the IBI protocol, solution component fluctuations that are 
related to the tail of g!"(𝑟) sometimes require fine-tuning. For this purpose, the updated 
protocol, 𝒞-IBI39, serves as a suitable candidate. In 𝒞-IBI, the initial guess of the potential 
[i.e 𝑉!!"! 𝑟 ] is taken from IBI and updated to target coordination number, 𝐶!"(𝑟), with 
the protocol,  
where the cumulative coordination number is defined as 𝐶!"! = 4𝜋 g!"! 𝑟!!!! 𝑟!"𝑑𝑟!.  
 





𝑉!!"! 𝑟 = 𝑉!!!!"! 𝑟 +  𝑘!𝑇 𝑙𝑛 g!"!!!(𝑟)g!"!"#$%!(𝑟)  
 
(6.9) 
 𝑉!!!𝒞!!"! 𝑟 = 𝑉!𝒞!!"! 𝑟 +  𝑘!𝑇 𝑙𝑛 𝐶!"!(𝑟)𝐶!"!"#$%!(𝑟)  (6.10) 
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6.4. Results and Discussion 		
6.4.1. All Atom Molecular Dynamic Simulations 
 
We begin by commenting on the underlying reference all-atom simulations for a 
single PA chain constructed to match the experimental parameters in Chapter 121. Figure 
6.2a, shows a snapshot of the chemical configuration of the methyl terminated PA4023 
copolymer. The TLCST is tuned by changing the numbers of hydrophobic methylene (𝑛! 
and 𝑛!) and ethylene oxide (𝑚! and 𝑚!) units. For computational simplicity, we initially 
choose the repeat unit of the chain as 𝑁 = 5 (see Figure 6.2b). The TLCST of the resulting 
PA4023 was determined experimentally to be ~315K and the corresponding simulations 
were carried out using the same parameters. The LCST transition is an entropy-driven 
Figure 6.2: (a) chemical structure of the experimentally synthesized polyacetal system 
terminated with CH3 group21, (b) shows a simulation snapshot of a chain with N = 5 in water at 






process. Previous studies have shown that dehydration of the polymer in the collapsed 
state is quantified by fewer water molecules in the hydration layer, that is, fewer 
polymer–water contacts exists above the LCST37,44. Therefore, local water coordination 
(using radial distribution function, RDF) and polymer-water hydrogen bonding (H-bond) 
are good predictors of the LCST behavior. Using the all-atom simulation, we investigate 
pairwise H-bond (Table 6.1 & Figure 6.3) and RDF (Figure 6.4) for each polymer 
component within the temperature range of 290 K – 330 K. The results show that with 
increase in temperature, there is a gradual, almost-linear, decrease in the number of 
hydrogen bonds. A similar trend was observed for the coordination number; but the 
expected sharp, coil-globule transition was not observed. A possible explanation for this 
behavior is the chain-length effect. It has been shown in literature that below certain 
chain lengths an LCST may not be observed, eg: for PNIPAm minimum chain length 









Temperature	(K)	 PA4023H+H2O	 OA+H2O	 OE+H2O	
290	 37.349	 18.057	 15.017	
300	 36.251	 17.436	 14.546	
310	 35.037	 16.976	 13.901	
320	 33.507	 16.018	 13.396	
330	 32.971	 15.862	 13.042		
Table 6.1: Hydrogen bonding of polyacetal in water for temperatures ranging from 290K -


































Figure 6.3: Hydrogen bonding trends for polyacetal in water for temperatures ranging from 
290K – 330K. PA4023H+H2O, OA+H2O and OE+H2O bonding is represented by squares, 





















Figure 6.4: Radial distribution functions for polyacetal and its monomers in water at 
temperatures ranging from 290K - 330K. The data is obtained using all-atom simulations for a 



































The transition can further be analyzed by observables such as radius of gyration (𝑅!). 
The average 𝑅!  for the system is shown in Table 6.2. A decrease in 𝑅! at temperatures in-
between 300 – 310 K, suggests that the phase transition for this simplified PA chain 
occurs at that temperature range. 
 
 
Using these parameters (H-bonding, RDF and Rg), a preliminary TLCST for PA4023 is 
deduced, where TLCST (PA4023) = 304 K. Similarly, TLCST (PA4021) = 280 K. When 
comparing these MD simulation results to the experimentally observed TLCST values, the 
LCST trend is accurately reproduced in simulation. However, it is immediately evident 
that the absolute TLCST values are shifted by 10 - 20 K from those experimentally 
observed (Figure 6.5). The shift in LCST can be attributed to; 1) chain-length effect, 
discussed previously, 2) the absence of the acetal linkage in the molecular construction, 
and 3) the absence of end-groups; for preliminary analysis the polymer was terminated 






Table 6.2: Radius of gyration (𝑅!) for polyacetal at temperatures of 290K – 320K. The data is 
obtained using all-atom simulations for a CH3 terminated polyacetal with 𝑁 = 5. 
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are unable to make any structural predictions at this length scale, we attempt to scale up 
the chain to the experimentally relevant range of ~104 gmol-1 using 𝒞-IBI as the CG 
approach. Similar studies in deriving implicit and explicit solvent CG models have been 
conducted for PEO45–47. 
 
 
6.4.2. Derivation of the Coarse Grained Model 
 
To derive the CG model, which is translatable to any PEO-alkane architecture 
(i.e, a sequence transferable CG model), we make two assumptions: 1) there are no cross-
correlations between different monomer units, along the backbone. Experiments have 
shown that TLCST changes linearly with changing fractions of hydrophobic or hydrophilic 
Figure 6.5: Comparison of LCST trends derived using all-atom MD simulation (circles) to 









units. Therefore, segment-based coarse-graining48 (generating CG potentials based on 
pairwise interactions of different monomer units) can be performed. These CG beads can 
subsequently be linked together into various architectures, 2) the acetal linker 
(represented by red in Figure 6.1) only contributes to a negligible shift in TLCST. 
Therefore, acetal linker is replaced with a C-O bond in our simulations. 
 
The CG procedure involves performing the all-atom simulation of ethylene oxide (EO) 
and methylene (M) monomers solvated in water, with the mapping scheme presented in 
Figure 6.6a. For ethylene oxide, 800 EO molecules in a box of 8,200 water molecules are 
used. Subsequently, EO-EO interaction potential is obtained using a combination of IBI 
and 𝒞−IBI protocols. We perform 10 iterations of IBI each with 2 ns long MD runs, 
followed by another 20 iterations of C−IBI to obtain final potentials that are used for the 
CG simulations. Similarly, the M-M interactions are obtained by taking a GROMOS-type 
united atom model49 representing CH2 and CH3 as spheres without explicitly accounting 
for hydrogen atoms, as shown in Figure 6.6 b & c.  
 
The solvation volume for a small molecule or monomer can be accurately assumed to be 
spherical symmetric. However, when spherical monomers are brought together to form a 
polymer, the resulting solvation volume may not always be the geometric sum of the 
constituent solvation shells. The overlap of two monomers, therefore causes an error in 
the estimated solvation volume. For systems with large chain-lengths, the error is 
augmented leading to unphysical attractive interactions. Recent work by, Mukherji et al 
have shown28 that for a PNIPAm chain, the solvation volume contribution per monomer 
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is reduced to half due to this effect. To correct for the solvation volume, we estimate 
interaction potential using the expression,  
 
 
with, 𝑅 the gas constant. Here, 𝑢(𝑟) is the interaction between a monomer of a chain and 
the other component and 𝑢!(𝑟) is the interaction of an isolated monomer with another 
component. We utilize this expression to obtain the corrected EO-EO potential, noting 
that, for 𝑟 <  0.1 𝑛𝑚, 𝑢 𝑟 = 10! 𝑘𝐽/𝑚𝑜𝑙. 
 
The M-EO cross interaction is obtained using a combination rule, 𝑢!!!" 𝑟 =
 








Figure 6.6: (a) mapping scheme of methylene and ethylene oxide monomers. (b) and (c), 





 𝑢!!!(𝑟)+ 𝑢!"!!"(𝑟) /2, which is a safe assumption because these are soft potentials. 
In order to obtain potentials between the EO and M monomers and water molecules, di-
block co-polymer sequences of three EO units and three methylene units are simulated. 
This system is chosen in order to capture any hydrophobic effect that might originate due 
to the consecutive methylene (hydrophobic) units, as well as to capture the correct 
solvation volume and the neighboring effects. The potentials are obtained between the 
middle monomers of each block and the water molecules. Finally, the water-water CG 
potential is obtained from all-atom simulations of pure water using the IBI protocol. 
Bonded interactions are obtained by Boltzmann inversion of bonded, angle and dihedral 




  Figure 6.7: Coarse-grained (a) non-bonded interaction potential 𝑢(𝑟) for T = 320 K, of 
collapsed structure for a sequence with 𝑛! = 4,𝑚! = 0, 𝑛! = 2 and 𝑚! = 3  (b) bonded 𝑢!"#$%$(𝑟), 𝑢!"#$%(𝑟),  and 𝑢!"!!"#$%(𝑟), interactions obtained for T = 320 K, and for all the 
possible combinations used for the CG. 𝑚 and 𝑒 represent methylene and ethylene oxide order 
in the sequence, respectively. 
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The resultant CG interaction potentials are used to simulate a range of co-polymer 
sequences. Importantly, the derivation involves only one set of 𝑢 𝑟  that can be used to 
create a wide range of copolymer sequences and architectures.   
 
Once the potentials are calculated, we investigate the conformations of alkane and 
poly(ethylene oxide) (PEO) chains of  molecular weigh 𝑀! =  10! g/mol in water. The 
CG model reproduces the expected conformations for both these chains, i.e., an expanded 
chain for poly(ethylene oxide) with, R!  =  3: 91 ±  0: 46 nm which is consistent with 
the previous simulations of PEO50 and a collapsed structure for the alkane chain with 𝑅! =  1: 18 ±  0: 05 nm. The time evolution of R! for the expanded coil state and the 
globule state, clearly show that the conformations obtained are stable (Figure 6.8).  
 
Furthermore, the structures are characterized by their single chain structure factor 𝑆(𝑞) 
shown in Figure 6.9. For example, expanded chain shows a scaling law 𝑞!! !  with 𝜈 = 3 ⁄ 5 being the Flory’s exponent for a good solvent chain (black curve)14. When a 
polymer collapses, its conformation is well described by a hard sphere scattering function 
with a scaling law 𝑞!! (red curve). To further validate the CG model, we have calculated 
the Kuhn length ℓ! of a poly(ethylene oxide) by simulating a short segment with the all-
atom model. This results in approximately ℓ!~1.26 𝑛𝑚 and for 𝑀! =  10! 𝑔/𝑚𝑜l or 𝑁! = 230, number of Kuhn segments 𝑁! = 48 per chain. End-to-end distance is then 





Figure 6.9: Single chain static structure factor 𝑆(𝑞) for an alkane chain and a poly(ethylene 
oxide) chain in water. The power law 𝑞!! !⁄  represents a good solvent chain and 𝑞!! shows a 
well-collapsed spherical globule. 
 
Figure 6.8: Radius of gyration of (a) poly(ethylene oxide), and (b) alkane chains obtained 
using the CG model over a period of 100 ns. 
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6.4.3. Sequence Dependent Conformational Behavior  
 
We are now able to study the conformational behavior of polyacetal as well as 
other complex amphiphilic structures and compare them to known experimental data 
obtained from the polyacetal system21. The summary in Table 6.3 shows the experimental 
copolymer data and its comparison to these CG simulations. We denote experimentally 
determined collapsed structure as “Turbid”, while “Clear” solutions are associated with 
expanded conformations (from cloud point temperature measurements). Comparing 
experimental and simulation data in the last two columns, we find that the polymer 
conformation is reasonably well reproduced by the CG model, with the exception of two 
cases. Methylene mole fraction (𝑥! ) along the copolymer backbone is defined as 𝑥!  =  (𝑛! + 𝑛!)/(𝑛! +𝑚! + 𝑛! +  𝑚!). It is generally seen that for methylene mole 
fraction 𝑥! >  50%, chains are always collapsed as shown in the column 5 of Table 6.3. 
The transition temperature in the reference all-atom simulations is ~20K lower than the 
experimental transition temperature. Therefore, extrapolated polymer conformations from 
experiments, with the transition temperature shifted lower by 20K are compared to 
corresponding polymer conformations obtained from CG simulations. The polymer 
conformations are identified by calculating their single chain form factor 𝑆(𝑞), which 
shows 𝑆 𝑞 ~ 𝑞!! ! for an expanded chain and 𝑆 𝑞 ~ 𝑞!!  for a collapsed globule. With 
this result, we have accurately predicted the coil-globule transition for polyacetal analogs 
of various hydrophilic/hydrophobic balance at constant temperature. This model, 
however, is not temperature transferrable. That is, to obtain conformational behavior at 
other temperatures, the derived 𝑢 𝑟  alone would not be sufficient and therefore, a 
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completely new set of potential 𝑢! 𝑟  would need to be derived.   




4	 0	 2	 0	 1.00	 Turbid	 Globule	
4	 0	 2	 1	 0.86	 Turbid	 Globule	
4	 0	 2	 2	 0.75	 Turbid	 Globule	
4	 0	 2	 3	 0.67	 Turbid	 Globule	
4	 0	 2	 4	 0.60	 Turbid	 Globule	
4	 0	 2	 5	 0.54	 Turbid	 Globule	
	 	 	 	 	 	 	
2	 1	 2	 1	 0.67	 Turbid	 Globule	
2	 1	 2	 2	 0.57	 Turbid	 Globule	
2	 1	 2	 3	 0.50	 Clear	 Lamellar	
2	 1	 2	 4	 0.44	 Clear	 Expanded	
2	 1	 2	 5	 0.40	 Clear	 Expanded	
	 	 	 	 	 	 	
2	 2	 2	 1	 0.57	 Clear	 Globule	
2	 2	 2	 2	 0.50	 Clear	 Expanded	
2	 2	 2	 3	 0.44	 Clear	 Expanded	
2	 2	 2	 4	 0.40	 Clear	 Expanded	
2	 2	 2	 5	 0.36	 Clear	 Expanded		
Table 6.3: Experimental and MD simulation comparison of copolymer conformations with different 




Table 6.3 demonstrates that the CG model is well transferable over a wide range of 
copolymer sequences. Further investigation reveals that the CG model only reproduces 
reliable structures for the particular thermodynamic state that parameterization is 
performed. This is not surprising given that the many-body potential of mean force 
(PMF) is state point-dependent51,52. However, there are examples where the many-body 
features are weak and thus the CG model can be temperature transferable53. Moreover, 
hydrogen-bonding nature of the interactions, as in the case of polyacetal, adds to its 
complexity, further diminishing temperature transferability.  
 
The main advantages of a segment-transferable CG model are that it allows a rather 
consistent comparison with the experiments, and also enables structural predictions to be 
made for several macromolecular architectures that have not been explored 
experimentally. The accuracy of this model depends largely on the assumption that the 
cross-correlation between different monomer units over large length scales along the 
polymer backbone can be essentially ignored. The somewhat broad reproducibility of the 
experimental results using this model validates this assumption. Therefore, the CG model 
presented here can be used as a molecular toolbox to investigate the properties of 
different polymer architectures for many ethylene oxide-alkane based systems, especially 
for ones with advanced functional uses.  
 
Previous work suggest that amphiphilic copolymers can exhibit interesting structures54, 
which was later studied by generic simulations55 and Monte Carlo simulations56. These 
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complex structures are tremendously interesting for biomedical applications, such as drug 
delivery and materials for tissue engineering57. To investigate a broad range of 
conformational properties of polyacetal-based systems, we have constructed a set of 192 
copolymer configurations in water with varying amphiphilic sequences. Each of these 
simulations were performed for 100 ns in CG units, generating a total of about 15 𝜇𝑠 of 
CG MD data. 
 
Figure 6.10, shows the sequence dependent conformations obtained using this system. 
The conformations accurately reproduce experimentally obtained conformations and 
predicts conformations beyond the experimental limit. Table 6.4 shows the designations 
given to each conformation. In the CG model, A represents CG methylene units, and EO 
represents CG ethylene oxide units. Note that the percentage of EO and A are varied 
keeping the total molecular weight of the polymer at 104 g/mol. 
 
 𝒏𝟏	 𝒎𝟏	 𝒏𝟐	 𝒎𝟐	 CG	Model	
4	 0	 2	 0	 A	(A6)	
4	 0	 2	 1	 B	(A5EO1A1)	
4	 0	 2	 2	 C	(A5EO2A1)	
4	 0	 2	 3	 D	(A5EO3A1)	
4	 0	 2	 4	 E	(A5EO4A1)	
4	 0	 2	 5	 F	(A5EO5A1)	
4	 0	 2	 6	 G	(A5EO6A1	
4	 0	 2	 7	 H	(A5EO7A1	
4	 0	 2	 8	 I	(A5EO8A1)	
4	 0	 2	 9	 J	(A5EO9A1	
4	 0	 2	 10	 K	(A5EO10A1)	
4	 0	 2	 12	 L	(A5EO12A1)	
4	 2	 2	 18	 M	(A5EO18A1)	
4	 2	 2	 24	 N	(A5EO24A1)		
Table 6.4: Conformational behavior obtained using MD simulations. Model F thru N go beyond the 
experimental limit to predict the behavior of PAs in solution. Refer to Figure 6.10 for conformations.  
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  A D C B 
H E F G 
I K J 
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N O 
Figure 6.10: Hydrophillic/hydrophobic fraction dependent conformations obtained using MD 
simulations. From a to o, the hydriphyllic fraction of the polymer chain is gradually increased, keeping 
total chain length constant. 	
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We present three sets of representative phase diagrams for the copolymers representing 
with varying 𝑛!,𝑚!,𝑛!, and 𝑚! in Figure 6.11. Depending on the sequences, a variety of 
copolymer configurations; for example, flower, micellar, multi-flower, lamellar, and/or 
worm-like micellar structures are observed. The structures give us a degree of insight into 
the mechanism in which the coil-globule transition occurs in this system. In addition to 
the 192 configurations presented here, many additional configurations may also be 
generated. The applicability of this CG model is not merely restricted to the linear 
amphiphilic chains, but may also be useful in studying the solvation and/or aggregation 
of branched or brush like copolymers58. We leave these studies as future work. 
Figure 6.11: Representative phase diagram of amphiphilic copolymers with different 
sequences. The data is shown for (a) 𝑚! = 0, (b) 𝑚! = 1, (c) 𝑚! = 2, and (d) 𝑚! = 3 with 𝑛! = 2 and varying 𝑚! and 𝑛!. Every symbol in these figures represent one configuration with 
the color code consistent with the configurations presented in the caption. EO and M beads are 
rendered in silver and red spheres, respectively.  
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6.5. Models Parameters 
 
For all-atom simulations, the standard OPLS force field, consisting of explicit 
atoms, is used to model the polymer structure41, which is solvated in a water box 
consisting of 17,000 water molecules described by the SPC/E water model59.  We note 
that the molecular weight of the simulated chain presented in Figure 6.2b is almost one 
order of magnitude smaller than the molecular weight needed to avoid strong chain 
length effects. Therefore, to avoid the system size effect and to make a reasonable 
estimate of TLCST, we have terminated the ends of copolymer with inert CH3 groups, as 
shown in Figure 6.2b which allows us to obtain a reasonable TLCST, while not attempting 
to make any claims on the system size effects in simulations. Simulations are performed 
using the GROMACS 4.5.5 package60. The temperature is varied from 290 K to 320 K 
using velocity rescaling with a coupling constant 0.5 ps61. Each of these simulations are 
performed for 50 ns production runs, which is at least one order of magnitude larger than 
the longest relaxation time. The average is taken over the last 10 ns of MD data. The 
electrostatics are treated using Particle Mesh Ewald62. The interaction cut-off for non-
bonded interactions is chosen as 1.0 nm. The simulations are performed with a constant 
pressure ensemble, where the pressure is controlled using a Berendsen barostat63 with a 
coupling time of 0.5 𝑝𝑠 and 1 atm pressure. The time-step for the simulations is set to 2 𝑓𝑠 and the equations of motion are integrated using the leap-frog algorithm. LINCS 





Calculation of structural parameters: after an initial equilibration of 20 ns, the 
production runs were performed for 100 ns and the configurations were extracted each 25 
ps for the calculation of the structural properties. The first 20 ns of data were discarded 
when calculating observables, such as 𝑅! , radial distribution function g!" 𝑟  and 
hydrogen bonding for both monomer-monomer and monomer-water interactions. To 




In this chapter, we have used MD simulations to model the LCST phase transition 
and structural behavior of polyacetals. Results indicate that the phase transition for 
polyacetal is a standard second order 𝜃-collapse leading to a coil-globe transition. This 
behavior has also confirmed experimentally obtained results, which do not show 
hysteresis during heating and cooling cycles21. We have further presented a protocol to 
obtain a sequence-transferable coarse-grained (CG) model for amphiphilic copolymer 
architectures consisting of ethylene oxide and methylene backbone units. The CG model 
was derived from a segment/monomer level and translated into experimentally relevant 
longer chain simulations with different amphiphilic sequences. The derived CG model 
was validated by one-to-one comparison with experimental data. Additionally, we also 
make several structural predictions that go beyond the polymers synthesized in 
experiments. While the derived CG model is sequence transferable, it shows poor 
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temperature transferability. This is due to the hydrogen-bonded nature of the underlying 
molecular interactions, which leads to a complex many-body effects that cannot be 
captured within structure-based CG model. Here, however, parameterization of a CG 
model at different temperatures T can be performed to obtain a T dependent interaction 
capturing the correct nature of hydrogen bonded interaction37. Furthermore, the segment 
transferability is important because one set of CG potentials can describe, predict, and 
validate many amphiphilic polymer architectures. Therefore, the potentials presented here 
can be viewed as a molecular toolbox for a wide range of alkane and ethylene oxide 
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This thesis outlines the development of polyacetal as a novel temperature 
responsive and pH degradable polymer. The lower critical solution temperature (LCST) 
of polyacetals, scale linearly with the number of carbon and oxygen atoms in the polymer 
repeat unit, providing remarkable control over its temperature response. These properties 
allow for the polymer to be used in a variety of commercial applications, including, 
targeted delivery of drugs and others. Since the polyacetal polymer is naturally inert, a 
bulk of the thesis is focused on obtaining additional functionality for the polymer using 
readily available chemistries such as step-growth polymerization and click chemistry. 
The results demonstrate that molecules that contain mono- di- and poly- alcohols in their 
chemical structure can be incorporated into the polymer using these methods. 
Furthermore, the functional polyacetals retain its temperature response and pH 
degradability. In many cases, functionalization of polyacetals allow for even finer control 
over the tuning of the LCST.  Additionally, ABA type polyacetal block co-polymers are 
synthesized from polyacetal macromonomers for micellar encapsulation of functional 
molecules that do not contain functionalities listed above. Polyacetal micelles retain a 
sharp temperature response and degrade rapidly in acidic medium, allowing for the 
controlled release of encapsulated cargo. In summary, we have quantitatively examined 
the synthesis and characterization of polyacetal polymers and block co-polymers in this 
thesis. The methods discussed here, provide means of predicting thermal response and 
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physical behavior so that polyacetals can be designed a priori to meet the needs of 
specific applications. 
 
Furthermore, we examine the underlying principles that govern the remarkable LCST 
behavior of polyacetals using molecular dynamic simulations. Our simulations accurately 
reproduce the coil to globule transition observed in these materials. The results confirm 
that the LCST is highly dependent on the hydrophilic-hydrophobic balance of the repeat 
unit and is independent of the acetal connectivity due to the lack of cross-correlation. The 
lack of cross correlations in this system paves the way for predicting LCSTs for systems 
with other linkages such as ester, hydrazine etc. that have not shown LCST behavior in 
the past. We examine polymers containing varied compositions of ethylene oxide and 
methylene units which provide the framework for a molecular toolbox that can predict 
the LCST behavior of a variety of polymer architectures.  
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Main-Chain Drug Conjugate Candidates 	
 
Table A.1, shows the diol containing cancer drug molecules that have the 
potential to be incorporated into the polyacetal chain to prepare main-chain drug 
conjugates. We have also included a list of malignancies the drug is currently used to 
treat. 
 






























Table A.1: Cancer drugs containing diol functionality that can be used to prepare main-chain drug 
conjugates 
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Afinitor	
Inhibitor	
of	mammalian	target	
of	rapamycin	(mTOR)	
Immunosuppressant	
Breast	cancer	
Pancreatic	cancer	
Renal	cell	carcinoma	
Subependymal	giant	cell	astrocytoma	
	
Aredia	
(Bisphosphonate)	
Inhibitor	of	
osteoclast	activity	
and	bone	resorption	
by	dissolution	of	
bone	calcium	
phosphate	
(hydroxyapatite)	
crystals.	
Bone	damage	caused	by	breast	cancer	
Multiple	myeloma	
Hypercalcemia	
	
Arranon	
(Nelarabine)	
Antimetabolite	
Adenosine	
deaminase	inhibitor	
T-cell	acute	lymphoblastic	leukemia	
T-cell	lymphoblastic	lymphoma	
	
	
	
Azacitidine	
(5-Azacitidine)	
Antimetabolite	
DNA	demethylation	
Agent	
Myelodysplastic	syndromes	(MDS)	
Chronic	myelomonocytic	leukemia	
(CMML)	
	
Bleomycin	
(Blenoxane)	
Glycopeptide		
antitumor	
antibiotic	and	antivir
al	drug	produced	by	
bacterium	Streptomy
ces	verticillus.	
Hodgkin	lymphoma	
non-Hodgkin	lymphoma	
penile	cancer	
Squamous	cell	carcinoma	of	the	cervix,	
of	the	head	and	neck,	and	of	the	vulva	
Testicular	cancer	
	
Bortezomib	 Therapeutic	proteaso-me	inhibitor	
Multiple	myeloma	
Mantle	cell	lymphoma	
	
	
	
	
Capecitabine	 Antimetabolite	
	
Breast	cancer	
Colorectal	cancer	(off	label	gastric	
cancer,	oesophageal	cancer)	
	
Cytarabine	
(Cytosar-U)	
Antimetabolite	
Pyrimidine	
antagonist	
Acute	lymphoblastic	leukemia	(ALL)	
Acute	myeloid	leukemia	(AML)	
Chronic	myelogenous	leukemia	
Meningeal	leukemia	
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Daunorubicin	
Hydrochloride	
Anthracycline	
antitumor	antibiotic	
	
Acute	lymphoblastic	leukemia	(ALL)	
Acute	myeloid	leukemia	(AML)	
	
Decitabine	
Antimetabolite	
DNA	demethylation	
Agent	
Myelodysplastic	syndromes	(MDS)	
	
Docetaxel	
Mitotic	inhibitor	
Antineoplastic	
Taxane	
Inhibition	of	
microtubule	
structures	within	the	
cell	
Breast	cancer	
Adenocarcinoma	
Non-small	cell	lung	cancer	
Prostate	cancer	
Squamous	cell	carcinoma	of	the	head	
and	neck	
	
	
	
Ellence	
(Epirubicin)	
Anthracycline	drug	
Antitumor	antibiotic	 Breast	cancer	
	
	
	
	
Etoposide	
Topoisomerase	
inhibitor	
Podophyllotoxin	
	
Small	cell	lung	cancer	
Testicular	cancer	
	
Evista	
(Raloxifene	
Hydrochloride)	
Selective	estrogen	
receptor	
modulator	(SERM)	
that	has	estrogenic	
actions	on	bone	and	
anti-estrogenic	
actions	on	the	uterus	
and	breast	
Breast	cancer	
	
Faslodex	
Selective	estrogen	
receptor	down-
regulator	(SERD)	
Breast	cancer	
	
Fludara	
(Fludarabine	
phosphate)	
Purine	analog	
(interferes	with	DNA	
synthesis)	
Adenosine	
deaminase	inhibitor	
Chronic	lymphocytic	leukemia	
	
Gemcitabine	
hydrochloride	
Antimetabolite	
Pyrimidine	
antagonist	
Breast	cancer	
Non-small	cell	lung	cancer	
Ovarian	cancer	
Pancreatic	cancer	
	
		 223 
Goserelin	acetate	
Synthetic	analogue	
of	a	luteinizing-
hormone	releasing	
hormone	(LHRH),		
injectable	
gonadotropin	
releasing	hormone	
superagonist	(GnRH	
agonist)	
Breast	cancer	
Prostate	cancer	 	
Hycamtin	
(Topotecan	
Hydrochloride)	
Topoisomerase	1	
inhibitor	
Cervical	cancer	
Ovarian	cancer	
Small	cell	lung	cancer	
	
Idamycin	
(Idarubicin	
Hydrochloride)	
Anthracyline	
antitumor	antibiotic	
Prevention	of	DNA		
unwinding	by	
interfering	with	
enzyme	
topoisomerase	II	
Acute	myeloid	leukemia	
	
Ixabepilone	
(Azaepothilone	B)	
Epothilone	B	analog	
Antimicrotubule	
agent	
Breast	cancer	
	
	
Lanreotide	acetate	
Long-
acting	analogue	of	
somatostatin	
Gastroenteropancreatic		
neuroendocrine	tumors	
	
Leuprolide	acetate	
GnRH	analog	
Agonist	action	
at	pituitary	GnRH	
receptors	
Prostate	cancer	
	
Mitoxantrone	
hydrochloride	
Antitumor	antibiotic	
Anthracenedione	
Antineoplastic	agent	
Acute	myeloid	leukemia	
Prostate	cancer	
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Paclitaxel	
Mitotic	inhibitor	
Antimicrotubule	
Taxane	
AIDS	related	Kaposi	sarcoma	
Breast	cancer	
Non-small	cell	lung	cancer	
Ovarian	cancer	(also	bladder,	prostate,	
melanoma,	esophageal	in	the	UK)	
	
Prednisone	
Immunosuppressant	
(synthetic		
corticosteroid)	
Acute	lymphoblastic	leukemia	(ALL)	
Chronic	lymphocytic	leukemia	(CLL)	
Hodgkin	lymphoma	
Multiple	myeloma	
Mycosis	fungoides	
Non-Hodgkin	lymphoma	
Prostate	cancer	
Thymoma	
Thymic	carcinoma	
	
	
	
	
	
Temsirolimus	
Specific	inhibitor	
of	mTOR	and	
interferes	with	the	
synthesis	of	proteins	
that	regulate	
proliferation,	growth,	
and	survival	of	tumor	
cells	
Renal	cell	carcinoma	
	
Vinblastine	
Mitosis	inhibitor	
Antimicrotubule	
agent	
Chemical	analogue	of	
Vincristine	
Breast	cancer	
Choriocarcinoma	
Hodgkin	lymphoma	
Kaposi	sarcoma	
Mycosis	fungoides	
Non-Hodgkin	lymphoma	
Testicular	cancer	
	
	
Vincristine	
Mitosis	inhibitor	
Antimicrotubule	
agent	
Acute	leukemia	
Hodgkin	lymphoma	
Neuroblastoma	
Non-Hodgkin	lymphoma	
Rhabdomyosarcoma	
Wilms	tumor	
	
Zoledronic	acid	
Blocking	of	
osteoclast's	effects	
on	the	bone	
Bisphosphonate	
Multiple	myeloma	
Hypercalcemia	
	
